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Abstract
Parasite life history theory predicts that lifetime reproductive success evolves through differential allocation of energy to life history traits constrained by trade-offs. These life history traits govern the characteristics of parasites such astheir virulence, transmission and infection phenotypes, so understanding their evolution is a key concern for infectious disease prediction and management.  This thesis uses the powerful tool of experimental evolution to gain a fuller understanding of the factors and constraints involved in parasite life history evolution, using bacteriophage Φ2 as a model. I found that the evolution of life history in this phage is sensitive to spatial structure, UV-C exposure and co-parasitism with plasmids, and evolution can be mediated by co-evolution with the host.
The high levels of variance I observed here suggest that evolution of parasite life history is more complex than a single trajectory towards a predicted optimum, and likely involves some degree of epistasis or pleiotropy with genes elsewhere on the genome. There was some degree of independent evolution of individual life-history traits, indicating that simple direct trade-offs were not in operation. 
I demonstrated that co-evolution with the host provided additional mutational input, resulting in a greater degree of evolution in co-evolved populations than those evolved to a static host. Furthermore, I note that co-parasitism with phage and plasmid may provide the necessary conditions for plasmid persistence 
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under fluctuating selection for plasmid-encoded traits, and that the efficacy and suitability of phage as therapeutic agents against plasmid-encoded antibiotic resistance is complicated. No direct link between mutation and phenotype couldbe elucidated in this study, suggesting that evolution in life history is either governed by genes not examined in this thesis, or involves epistasis and pleiotropy with genes elsewhere on the genome.
I concluded that it is important to consider the specific ecology of the focal parasite, its host and any co-occuring symbionts in order to make informed predictions of life history evolution, and general predictions may not be achievable.
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1. General introduction
Parasitism is a highly successful mode of life. There are parasitic species found in all taxa, from viruses through to complex multicellular plants and animals (Combes 2001; Poulin 2011). No known species are completely resistant to parasitism, and most hosts support multiple species of parasites, making parasites considerably more numerous than free-living organisms (Windsor 1998). As such a dominant presence, parasites play an important role in shapingthe evolutionary ecology of their hosts (Barber et al. 2000; Combes 2001). By nature, parasitic exploitation causes some degree of harm to their individual hosts (Combes 2001). The degree of harm ranges from the energetic costs of replicating additional genetic material in plasmids (Bergstrom et al. 2000) or transposable elements (Charlesworth & Langley 1989), through causing deleterious disease symptoms such as fever and vomiting due to Plasmodium 
falciparum (e.g. Gouagna et al. 2004), to castration as in Sacculina infections of crabs (e.g. Phillips & Cannon 1978), and certain death as caused by parasitoids and lytic phage such as SBWP25Φ2 (Buckling & Rainey 2002). On a population level, parasites can regulate host population density (Anderson & May 1978; Redpath et al. 2006; Combes 2001) through their effects on host death rates and fecundity. The first example of this effect was discovered in wild red grouse (Lagopus lagopus scoticus) infection with the parasitic nematode 
Trichostrongylus tenius (Hudson et al. 1998). Red grouse populations exhibit cyclical fluctuations with occasional crashes in density. Treatment of grouse 9
with the anthelmintic Levamisole hydrochloride reduced fluctuations in the population proportionally to the percentage of animals treated, with 20% treatment almost completely removing fluctuations (Hudson et al. 1998). This dampening of fluctuations was associated with reduced worm load and increased fecundity in female birds, demonstrating that individual effects of parasite infection are sufficient to cause population-level effects. These population-level effects combine to act upon communities, by maintaining diversity, stabilising communities and influencing speciation (Combes 2001). Aside from their inherent ecological interest, a better understanding of the adaptation and evolution of parasites is crucial for disease prediction and prevention measures (Galvani 2003).                                                                                   
Life history theory
A valuable framework for understanding the evolution of parasites is life historytheory. Life history theory posits that an individual's fitness is determined by the values of a suite of traits acting together to bestow lifetime reproductive success (Stearns 1992). These traits are those directly involved in survival and reproduction such as size and age at maturity, number and size of offspring, and age-specific parental investment (Stearns 1992). The basic tenet of life history theory is that individuals cannot maximise all life history traits at once. A theoretical organism operating without constraint would be sexually mature at birth, produce infinite offspring and live forever, but in reality phylogenetic, physiological and ecological constraints prevent such a “Darwinian demon” from
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arising (Law 1979). Instead, individuals possess a finite amount of resources and face trade-offs between traits, which are shaped by the environment and their mode of life  (Law 1979; Partridge & Harvey 1988; Stearns 1989; Gadgil & Bossert 1970; Clutton-Brock et al. 1982).  The particular balance of allocation of resources/effort to each of these traits exhibited by an individual is termed its life history strategy, and the optimal strategy is that which maximises lifetime reproductive success in a given environment (Partridge & Harvey 1988; Stearns 1992; Stearns 1989; Gadgil & Bossert 1970).
Parasite life history 
Although general life-history theory was developed with free-living species in mind, there are many parallels among parasitic organisms, and life history theory has been adapted to address the selection pressures faced by parasites (Poulin 1996). For parasites, reproductive success is not governed solely by the acquisition and conversion of resources into progeny, but also by successful transmission of progeny from one host to the next. As with free living organisms, parasites experience trade-offs between growth and reproduction, reproduction and survival, number of offspring and offspring quality, and current reproduction and future reproduction (Stearns 1992; Stearns 1989). Additionally, due to their dependence on host organisms, parasites face unique trade-offs between: within-host growth and reproduction (virulence) and transmission, virulence and within-host survival, virulence and 
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extra-host survival and host range and infectivity (Poulin 1996; Combes 2001; Goldhill & Turner 2014).One of the most important trade-offs for parasite success is believed to be that between virulence and transmission. Virulence is generally defined as the negative effects of parasite growth and reproduction on host physiology (Anderson & May 1982), although the specific definition varies from study to study for logistical reasons. For parasites that cause chronic or non-lethal infections, virulence can be defined as the degree of debilitation of the host or reduction of host reproductive potential, which can be difficult to quantify (Read1994). For obligate killing parasites such as lytic bacteriophage, virulence is often more simply defined as the rate of host death (Kerr et al. 2006), percentage clearance of the host population (Nidelet et al. 2009) or the time to host lysis (Abedon et al. 2003a; Bull 2006) Similarly, although transmission is most correctly defined using the term R0, or the number of secondary infections resulting from one primary infection (Alizon et al. 2009), in reality the difficulty in correctly measuring this number requires that simpler approximations of transmission are used. Transmission is often therefore defined as the reproductive output of the parasite, or simply the number of progeny produced in a given reproductive cycle (e.g. Messenger et al. 1999). The virulence-transmission trade-off theory assumes that virulence is a side-effect of within-host reproduction, and transmission to new hosts. The theory, first described in its current form by Anderson & May (1982), postulates that whilst maximising the rate of progeny production may increase an individual 
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parasite’s within-host fitness, the associated increase in virulence can debilitate and even prematurely kill the host. This exhaustion of the host can reduce the transmission likelihood of progeny to new hosts and destroy the resources needed for further progeny production (Levin & Pimentel 1981; Frank 1996). Asthe fitness of a parasite depends on both the production of offspring and transmission of offspring to new hosts, parasites must evolve a life history strategy that allows the optimal balance between virulence and transmission. This optimal balance is predicted to vary with transmission mode, for instance parasites transmitted by a vector can “afford” to be more virulent than those transmitted by direct host-to-host contact (Day 2001; Ewald 1983). This trade-off has been documented in bacteriophage f1 selected under two different regimes of horizontal and vertical transmission (Messenger et al. 1999). This phage establishes non-fatal infection and can be transmitted vertically. Vertical transmission selects for reduced virulence, as healthy hosts are more able to replicate and hence transmit the phage. Horizontal transmission, on the other hand, selects for higher virulence due to the selectionfor increased numbers of progeny for transmission to multiple new hosts. Long interval ratio of vertical to horizontal transmission in this system produced phage with low rates of virion production and hence reduced virulence, while short interval ratios produced virulent phage with a higher reproductive rate. Jensen et al. (2006) also found support for the virulence-transmission trade-off in the castrating bacterium Pasteuria ramosa, which produces spores that are only released after host death, allowing for a direct estimate of lifetime 
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transmission success based on the abundance of spores. When infecting a clonal population of Daphnia magna, this parasite displayed wide variation in virulence (measured as time to host death) and spore production. Maximal spore production was reached at intermediate virulence, suggesting that a trade-off is in operation, and an optimal virulence value is achievable in this system.The virulence-transmission trade off is an attractive hypothesis due to its simplicity and generality, and is at the heart of most of the popular recent theories of parasite virulence evolution, but it is far from universally accepted (for a review of the debate, see Alizon et al. 2009). The fact that, under this hypothesis, the optimal virulence varies with host genotype, immunology and physiology, spatial structure, relatedness of co-infecting parasites, transmission mode and host density makes trade-offs difficult to detect empirically often leads to criticism of the hypothesis (e.g. Weiss 2002). Ebert & Bull (2003) also noted that increased virulence is not always detrimental to parasite fitness, and that virulence is rarely controlled solely by the parasite, but is also influenced byhost-associated characteristics such as tolerance and immunology.  Alizon et al. (2009) counter, however, that these details do not undermine the basic tenet of the virulence-transmission trade-off hypothesis, but highlight the need for modification of the basic model under certain conditions. For instance, when hosts are infected by multiple strains of a parasite, the basic model must be modified to allow for within-host competition and kin-selection. When two unrelated strains are competing for host resources, selection will favour the 
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more productive strain, leading to an overall increase in virulence when co-infections are common (Levin & Bull 1994). Conversely, when co-infecting strains are related, co-operative prudence can drive lower virulence than expected (Hamilton 1972). Therefore, the probability and degree of co-infections and the relatedness of co-infecting strains should be incorporated into the virulence-transmission model in order to make accurate predictions. If we accept that the basic model is a starting point which requires additional information in order to accurately predict parasite life history evolution, it remains a useful theoretical framework which continues to be widely utilised. Many species of bacteriophage may only transmit by lysis of the bacterial cell (lytic phage), which kills the host and causes the destruction of the replicative machinery needed to produce further virions (Abedon et al. 2003). In many phage, therefore, the virulence-transmission trade-off is likely to be a crucial determinant of reproductive success.In lytic phage,  virion production is predicted to show a linear relationship with time spent within a host cell, so a trade-off between lysis time and burst size (the number of virions produced per infected cell) is predicted.This thesis will use a bacteriophage model to focus on three common abiotic andbiotic factors predicted to influence the trade-off between virulence and transmission: Spatial structure, environmental stress and co-parasitism.  Virulence is here defined as host death, and is measured by the time taken for a given population of phage to lyse 50% of infected cells (lysis time). Transmissionis not directly measured, but rather inferred from the adsorption rate of phage 
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to host cells and the number of progeny produced in a given reproductive cycle (burst size).
Spatial structure
Spatial structure is the phenomenon of reduced connectivity within an environment caused by the physical attributes of that environment, which leads to a reduced encounter rate between organisms, and localised interactions. The majority of habitats have a spatially heterogeneous element to them which can cause patchy aggregation within populations with reduced gene flow between patches compared to within patches (Slatkin 1987); a metapopulation (as defined by Hastings & Harrison, 1994). The degree of isolation of these population patches depends both on the physical attributes of the landscape andthe dispersal ability of the organisms. Spatial structure is an important evolutionary driver in natural populations which can promote or erode genetic diversity within populations, provide the necessary heterogeneity for coexistence and promote specificity to local hosts (Hastings & Harrison 1994).  Theoretically, spatial structure is the degree of localisation of a given population,or the effective distance between individuals (Watts & Strogatz 1998). Effective distance is influenced by actual physical distance, factors that affect movement such as physical barriers on land or viscosity in liquids, and the dispersal ability of organisms, which combine to confer a theoretical probability of encounter between individuals. The larger the effective distance between individuals, the lower the encounter probability and the more localised interactions will be, 
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promoting the development of ephemeral or permanent patchiness of the population (Boots & Sasaki 1999).
For parasites, an individual host plant or animal may constitute a patch, with patches connected through social interactions or pollinating insect movement, for example. Many microbial communities also exist naturally in structured environments such as in biofilms, on plant or animal tissue or in soil or sediments (Abedon & Yin 2009), so understanding the consequences of spatial structure on parasite adaptive trajectory is essential to our understanding of parasite ecology in general.
In host-parasite interactions, spatial structure limits the dispersal of both hosts and parasites, effectively reducing the local pool of susceptible hosts through reduced host immigration and limiting transmission opportunities for parasite progeny (Boots & Sasaki 1999). When susceptible hosts are abundant in spatially unstructured environments, encounter rate is high so transmission between hosts is fast and easy. Parasites are limited by their rate of developmentand the number of progeny produced rather than their transmission ability. Short reproductive cycles and large numbers of offspring, resulting in high virulence are favoured (Abedon & Culler 2007a; Abedon et al. 2003a). In spatially structured environments, parasites face increased competition for hosts with related genotypes (kin-shading; Lion & Baalen 2008) and identical genotypes (self-shading; Boots & Sasaki 2000), and risk exhaustion of their localpool of susceptible hosts leading to local extinctions (the tragedy of the commons; Kerr et al. 2006; Boots & Sasaki 2002). In highly structured 17
environments therefore, parasites with lower infectivity and virulence, that produce progeny with greater transmission ability are favoured, even if fewer progeny are produced over all (Boots & Mealor 2007). 
Studies modelling the effects of increased connectivity warn that there may be a critical connectivity threshold above which diseases will rapidly evolve higher virulence, which could have serious consequences for human and agricultural disease as human populations become ever-more connected (Boots & Sasaki 1999). Understanding the effect of spatial structure and local adaptation on parasite evolution and dynamics is therefore crucial from an anthropogenic point of view, both for predicting the spread of human and agriculturally important diseases and informing intervention design.
In a comparative study between 33 strains of the obligate fungal pathogen 
Podosphaera plantaginis infecting Plantago lanceolata, life history traits such as sporulation speed and abundance were positively correlated on their locally-adapted hosts within a metapopulation structure (Susi & Laine 2013). These correlations became negative when the same strains infected allopatric (geographically isolated) host populations, which was associated with reduced prevalence of disease, highlighting the importance of local adaptation on the effects of spatial structure on life history traits. Evolution experiments with spatial structure in phage are also beginning to show general support for theoretical predictions. The Escherichia coli phage ID11 challenged with a spatially structured environment evolved a single substitution in the major capsid protein. This resulted in a reduced infection rate, but greater numbers of 18
progeny produced when grown on the spatially structured surface of an agar plate (Roychoudhury et al. 2014).  λ phage which had been engineered to have a fast adsorption rate suffered reduced productivity when grown in semi-solid agar (Gallet, Shao, et al. 2009).  Spontaneous evolution of mutants with a slower adsorption rate occurred in these populations, suggesting that selection for slowadsorption rate is strong in structured environments. In contrast, no deleteriouseffects of high productivity were found in phage Φ6 when compared with the less-productive Φ6M. Φ6 was superior to Φ6M in all environments regardless of host density or spatial structure, although the relative fitness of Φ6M in structured environments increased with host density (Dennehy 2009). The success of Φ6 across all environments was attributed to its high burst size, which may compensate for a reduced dispersal ability.
Kerr et al. (2006) manipulated migration between host sub-populations in phage T4 in 96-well microtitre plates. Movement restricted to local patches promoted more prudent (less virulent) strategies, whilst unrestricted migration promoted high virulence (Eshelman et al. 2010). Neither life history traits nor genetic mutations were measured in this study however, so it is not clear how the differences in productivity between the migration regimes arose in this system.
Environmental stress
There are many abiotic factors which may act as environmental stressors to parasites, such as temperature, acidity, dessication, UV or X-ray irradiation, 
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salinity and deoxygenation. In macroparasites, particularly ectoparasites, temperature sensitivity is an important factor affecting life-history (Poulin 1996). For terrestrial microparasites, UV-irradiation plays an important role (Rodriguez et al. 2014; Murray & Jackson 1993; Weinbauer & Wilhelm 1997), and for aquatic organisms salinity and acidity are key factors (Miracle & Serra 1989; Dupont & Thorndyke 2009). Whilst endoparasites may be able to escape direct abiotic environmental influence whilst inhabiting a host, all parasites withfree-living or transmission stages must face the extra-host environment at some stage in their life-cycle (Poulin 1996).A general prediction for parasites in harsh environments is that adaptation to withstand environmental stress results in a trade-off with reproductive rate, mirroring the classic life history trade-off between survival and reproduction in free-living species (Goldhill & Turner 2014). In a comparative study of 16 phage families that infect E. coli, De Paepe & Taddei (2006) examined the multiplication and decay rates of these phage at different temperatures. They discovered a robust negative correlation between reproduction and survival across phage families, which was related to the density of their packaged DNA and capsid thickness.Evolution experiments with phage have highlighted the diversity in the degree to which this trade-off operates and the mechanisms by which it is generated (Goldhill & Turner 2014). The RNA phage Φ6 evolved in an environment characterised by regular brief heat shocks causing high rates of mortality and thus evolved greater thermal stability at the expense of reduced reproduction 
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(Dessau et al. 2012). Conversely, in the RNA phage Qβ, no such costs of thermostability were found in evolution to heat shocks, and thermostable phagewere found to also be more resistant to acidity, suggesting a general robustness to mutagenesis (Domingo-Calap et al. 2010).Parasites whose transmission modes are through free-living stages and host contact with contaminated surfaces generally show the opposite effect – persistence in the environment selects for high virulence (Bonhoeffer et al. 1996). This is termed the “sit and wait”, or “curse of the pharaoh” hypothesis. This hypothesis suggests that extreme longevity in the environment reduces the costs associated with high virulence, as associated decreases in transmission from the host are offset by the increased transmission ability afforded by extreme environmental persistence (Walther & Ewald 2004). This effect has been demonstrated in a comparative study of respiratory tract pathogens of humans, conducted by reviewing the epidemiological and medical literature of such diseases. Walther & Ewald (2004) found a correlation between persistence and virulence using both across-species and phylogenetically controlled studies.These contrasts in the outcomes of environmental stress suggest that evolutionary responses are both variable and specific to the ecology of the species, suggesting that general predictions may be unsuitable in the case of environmental stress per se.
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Co-parasitism
Host individuals often carry more than one strain, species or taxon of parasite atonce (Windsor 1998), and co-occurring parasites will impact upon each other's fitness either directly or indirectly. Interactions between co-occuring species within a host determine the epidemiology of each species through their impact on host fitness, severity of disease symptoms and the release of infective stages into the environment (Pedersen & Fenton 2007). A general prediction is that when co-infecting strains are closely related, their interests are aligned and a prudent exploitation of the host may be favoured, but when co-infections occur between distantly related strains or different species, competition for resources is fierce, selecting for increased growth rate and high virulence (Hamilton 1972).In temperate lambdoid phage of E. coli induced to lyse, lysis timing was always controlled by the faster-lysing phage type in double infections (Refardt 2011). This fast lysis was associated with a competitive advantage over types with much later lysis, with competitive ability following a hierarchical pattern between 11 phage varying in lysis timing. 
Experimental evolution with phage Φ2 found that at high multiplicity of infection (MOI) where co-infection is common, phage evolved a plastic lysis time(Leggett et al. 2012). Phage evolved at high MOI were able to detect co-infections and lysed the cell earlier in mixed than single infections. In contrast, phage adapted to low MOI conditions did not lyse faster in mixed infections, indicating that plastic lysis is an adaptation to mixed infection conditions rather 22
than an artefact of increased phage numbers within a cell. The method by which phage were able to detect infection status was not discovered. This early lysis in phage evolved to mixed infections was associated with a reduced population density, indicating a trade-off between within-host competitive ability and transmission to new hosts. Conversely, in the RNA phage Φ6, the effects of multi-parasitism followed a classical prisoner's dilemma strategy of game theory due to shared intracellular products produced by these phage. When co-infecting strains were closely related, intracellular products were produced cooperatively.Cheats, which sequester the intracellular products made by cooperators, evolvedwhen two co-infecting strains were unrelated. This reduced the overall productivity of phage and consequently reduced rather than increased virulencein mixed infections (Turner & Chao 1999).
Understanding how lysis timing is controlled by phage has been a major research focus in recent years. It has long been known that the phage-encoded endolysins and holins were jointly responsible for cell membrane degradation (Wang et al. 1996; Young 1992) and that timing was mainly controlled by alleles in the gene encoding for holins (Young et al. 2000; Wang et al. 2000), but only recently have we gained a fuller picture of lysis regulation (Young 2014; Young 2013). In brief, holins accumulate in the cytoplasmic membrane of the host cell, and endolysins accumulate in the cytoplasm harmlessly throughout virion production (Young 2014). Lysis begins when the holin triggers at a time genetically pre-programmed by alleles that alter the primary structure of the holin protein. At this time, the holins cause permeabilisation of the cytoplasmic 
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membrane, and the endolysins escape and begin breaking down the peptidoglycans in the cell wall. Therefore, lysis can be genetically controlled by mutations that alter the structure of the holin proteins, which in turn alter the critical concentration of holins required to activate permeabilisation (Young 2013). In mixed infections, therefore, phage could be responding to the accumulation of non-self holins and endolysins in the host cell, and responding plastically through regulation of gene expression. However, this is simple conjecture and the method of detecting co-infections is still unknown.
Co-parasitism by vertically transmitted and horizontally transmitted parasites causes conflict due to the differences in optimal virulence (Rigaud & Haine 2005). Vertically transmitted parasites require healthy reproducing hosts for transmission so optimal virulence is low whilst horizontally transmitted parasites generally have higher virulence due to the need for a high transmission rate. Jones et al. (2010) modeled this interaction and found that co-parasitism with vertically transmitted parasites selected for increased virulence in horizontally transmitted parasites due to the competition for resources, particularly when the vertically transmitted parasite was feminising. Horizontally transmitted parasites select for intermediate virulence in vertically transmitted parasites, and shorter host life span drives higher virulence in both parasites when co-infecting. In the amphipod Gammarus roeseli, vertically transmitted Dictyocoela parasites interfered with the host-manipulation of the horizontally transmitted Polymorphus minutus (Haine et al. 2005). G. roeseli is the intermediate host of P. minutus, which manipulate the host's geotaxis in 
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order to increase predation rate by its definitive host, freshwater birds. When co-infecting with Dictyocoela, however, this geotaxis was markedly reduced, suggesting sabotage by the vertically transmitted Dictyocoela, although the mechanism of this interference was not discovered.
Experimental evolution
Historically, the majority of studies on life history evolution were theoretical, comparative or based only on a few generations, leading to a lack of empirical data on the causes and evolution of trade-offs and associated traits (Roff & Fairbairn 2007). There was good reason for this dearth of information – examination of life history and trade-offs was concerned with long-lived free-living organisms, and evolution studies would have been both onerous and excessively lengthy. The development of experimental evolution with microbes has opened up the field of life history evolution to empirical testing of theoretical predictions, allowing researchers valuable insights into the nature of life history. Microbial experimental evolution is a powerful tool for investigating the evolution and co-evolution of parasites and their hosts (Brockhurst & Morgan 2007; Ebert 1998; Brockhurst & Koskella 2013), and a wealth of information is rapidly emerging from such studies, providing many of the examples discussed here.The fast generation times and large population sizes of microbial populations allow for experimental studies of evolution that track hundreds or even thousands of generations through evolutionary time in manageable timescales 
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within a laboratory (Lenski & Levin 1985). These populations can be frozen and stored for long periods at any time point, allowing the direct comparison of ancestral and evolved genotypes (Lenski et al. 1991). The small size of microbialcultures allows for large-scale propagation and replicate populations, permittingthe investigation of population-level questions. Populations can be initiated isogenically and carefully controlled to ensure that confounding variables are kept to a minimum, and observed changes can be directly ascribed to mutation and selection (Brockhurst & Morgan 2007). Furthermore, small genomes and high population densities permit the exploration of genetic mutation alongside phenotypic change. 
The host-parasite system Pseudomonas fluorescens and 
bacteriophage SWBP25Φ2
Pseudomonas fluorescens is a common gram-negative rod-shaped bacterium which inhabits soil, plant surfaces and water (Rainey & Bailey 1996). Isolate SBW25 was isolated in 1989 from a sugar beet plant in Oxfordshire, and has become a model organism for studies of bacterial adaptation due to its ease of culture and manipulation. Bacteriophage SBWP25Φ2, hereafter referred to as Φ2, is a naturally associated obligate lytic phage of P. fluorescens (Buckling & Rainey 2002). This host-parasite system is well-characterised, since the genomes of both host and parasite have been sequenced and the system is well-suited to experimental evolution (Brockhurst & Morgan 2007).
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 Lytic bacteriophage such as Φ2 disperse freely though the environment and attach to bacterial hosts using tail fibres, which contract to irreversibly bind the phage to the bacterial cell wall (adsorption). The phage genome is then injected into the bacterial cytoplasm, where it hijacks the cellular apparatus used for reproduction to replicate, and replicate genomes are packaged into new virions. When a certain number of virions have been fully assembled (the burst size), thephage activate cell lysis and the bacterial cell wall is broken down, releasing the new virions into the environment to find and infect new hosts. The lytic phage life cycle can be broken down into 3 key measurable life history traits, which are regulated by the phage genome: the adsorption rate, the lysis time, and the burst size, which are expected to be subject to trade-offs (Fig 1.1).
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Figure 1.1. Lytic phage life cycle
The genetic basis of life history evolution in bacteriophage is not well understood, despite a wealth of knowledge of phage genetics and physiology (Bull 2006). For this reason, predictions of phage life history evolution are often based solely on basic optimality models without regard for the genetic details, as first developed by Maynard Smith (1978). This approach has been heavily criticised as an over-simplified view of evolution (Lewontin 1989), but it continues to be a common approach. For lysis timing, the assumptions of optimality models have been found to be generally compatible with what is known about the genetic control of lysis in bacteriophage, but inclusion of genetic details substantially improves optimality models by revealing constraints, pleiotropy and plasticity (Bull et al. 2004). Host-parasite co-evolution experiments have demonstrated an accelerated mutation rate in Φ2 genes predicted to be involved in infection and lysis during co-evolution (Paterson et al. 2010), but it is not yet clear how these mutations affect life history phenotypes.
Aims
In order to gain a fuller understanding of the evolution of parasite life history, this thesis will consider the effects of both biotic and abiotic environmental variables on life history traits and their trade-offs. 
The aim of this thesis is to investigate the selection pressures on parasites produced by a shift in common environmental variables and the direction, strength and repeatability of the phenotypic response and the underlying 
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genetic evolution.  An increase in our understanding of the selection pressures faced by parasites and their responses will help inform disease prevention and control measures, as well as helping to describe the natural distribution and variation of parasites.
The following questions are addressed: Does a reduction in encounter rate through increased spatial structure drive the evolution of a more prudent life history? Does the common environmental stressor UV irradiation cause a reduced capacity for phenotypic evolution, or provide additional mutational input for a higher rate of phenotypic evolution? Does indirect competition between two symbionts affect host capacity to resist either symbiont? Does this competition result in decreased prevalence of either symbiont? Does selection for mutualism in one of the symbionts alter the outcomes of this competition? Do all populations under the same selective conditions follow the same evolutionary trajectory or are there multiple adaptive strategies in play?
This thesis explores these questions with the bacteria-phage system 
Pseudomonas fluorescens and bacteriophage SBWP25Φ2. Using an experimental evolution approach, the effects of spatial structure, exposure to UV-C irradiation and both sides of the interaction with the competing symbiont plasmid pQBR103 are investigated. Phenotypic evolution in the key phage life history traits adsorption rate, lysis timing and burst size are measured, with a view to examining the evolution in trade-offs between these traits. In addition, the genetic basis of life history evolution is investigated through Sanger sequencing 
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of key host-associated genes in order to elucidate the link between genotypic and phenotypic evolution in life history trade-offs. 
Chapter outlines
Chapter 2
Spatial structure is a common feature of many habitats and is predicted to be an important driver of ecological processes. Parasites are predicted to evolve high virulence in non-structured environments, but prudence in highly structured environments to avoid over-exploitation of the host and local extinction. Using viscous growth medium, I will experimentally evolve populations to assess the effects of spatial structure on life history evolution in a bacteriophage model. A combination of life history assays and genetic analysis should afford me a deeper understanding of the mechanisms and trade-offs in life history evolution.
Chapter 3
UV irradiation is an environmental stress known to cause high mortality in phage, but its effect on phage life history is unknown. Experimental evolution of phage exposed to different doses of UV-C irradiation will allow me to determine the evolutionary trajectory of phage under UV stress. I will conduct both evolutionary and co-evolutionary experiments, to look for the effects of increased mutational input with co-evolution.
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Chapter 4
Co-parasitism is ubiquitous in nature and each parasite can have profound effects on the fitness of the other. Plasmids that confer a benefit to the host in certain environments range from parasitic to mutualistic, and the effects of positive selection for plasmids on the outcome of co-parasitism is not known. Using the naturally-associated plasmid pQBR103 which confers mercury resistance on P. fluorescens, I will assess the effects of different degrees of positive selection for plasmids on the effects of phage predation. 
Chapter 5
Following on from chapter 4, in this chapter I will assess the effects of positively-selected plasmids on phage life history evolution and phage-host dynamics under co-evolution. As plasmid carriage is predicted to limit the host resources available to phage for reproduction, a more virulent life history strategy may be favoured. Alternatively, the predicted reduction of bacterial density in plasmid-carrying populations may select for a more prudent life history strategy. 
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Chapter 2 – Spatial structure
Introduction
Microbial communities often inhabit spatially structured environments such as soils, sediments, in or on animal or plant tissue and the bacterial biofilms that are readily formed by many species (Abedon & Culler 2007a). Spatial structure is predicted to be an important driver of evolutionary processes (Hastings & Harrison 1994), so studying the effects of structured environments on phage lifehistory evolution is an important step towards our understanding of life history and trade-offs (Galvani 2003). When hosts are abundant and there is no spatial structure, parasites are limited by their rate of reproduction, so the classic virulence-transmission trade-off is skewed towards high virulence and fast transmission (Boots & Mealor 2007). When host populations are highly structured, however, host-parasite interactions become localised, and highly virulent parasites risk driving their local pool of susceptible hosts (and therefore themselves) to extinction (Messinger & Ostling 2009). The transmission-virulence trade-off therefore becomes skewed towards slow rates of reproduction and increased dispersal ability of offspring (Wild et al. 2009; Kamo & Boots 2006). At low spatial structure, life history theory predicts that phage will evolve fast adsorption, early lysis and large burst size, unless constrained, in order to maximise reproductive rate and competitive ability (Abedon & Culler 2007b; Abedon et al. 2003a). At high spatial structure, theory 32
predicts parasites to become more prudent in order to avoid kin and self shading (Wild et al. 2009; Lion & Boots 2010), so phage should evolve slow adsorption for increased dispersal, late lysis and small burst size. 
Empirical studies of parasite life history evolution under spatial structure in phage are beginning to show general support for theoretical predictions. A studyby Gallet et al. (2009) found that fast adsorption rate was highly disadvantageous in terms of plaque size, productivity and emigration in structured environments in λ phage growing in semi-solid agar. Mutants with a slower adsorption rate spontaneously evolved in strains engineered to have fast adsorption rates, suggesting that selection for slow adsorption rate is strong in structured environments. Additionally, phage ID11 grown with E. coli, serially passaged for ~550 generations on agar plates evolved a slow adsorption mutant, governed by a single substitution in the major capsid protein (Roychoudhury et al. 2014). This mutant had a lower adsorption rate than the ancestor, but no changes in lysis time or burst size were observed. The slower adsorption rate was associated with both a larger plaque size and greater density of phage within a plaque when plated, suggesting an adaptive advantage of low adsorption rate mutants in spatially structured environments.
Conversely, (Dennehy et al. 2007) found no deleterious effects in spatially structured environments on the more productive (higher burst size) phage Φ6 when compared with the less-productive Φ6M. Φ6 was superior to Φ6M in all environments regardless of host density or spatial structure, although the 
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relative fitness of Φ6M in structured environments increased with host density. The success of Φ6 across all environments was attributed to its high burst size.
A study manipulating migration between host populations in phage T4 in 96-well microtitre plates showed that movement restricted to local patches promoted prudent strategies when compared to global movement across the plate (Kerr et al. 2006). Wells were inoculated with phage and/or bacteria or leftempty initially based on simulations, and mixed either with local wells or with any well on the plate (global mixing) according to simulated patterns, at each transfer. Global migration regimes exposed phage to competition between genotypes, and greater availability of hosts, promoting a rapacious life history and the subsequent rapid extinction of both hosts and phage. Local mixing, however, reduced the contact rates with hosts and competing genotypes, and more prudent host exploitation strategies evolved as predicted by theory (Boots & Mealor 2007; Boots & Sasaki 1999). Neither life history traits nor genetic mutations were measured in this study however, so it is not clear how the differences in productivity between the migration regimes arose in this system.
This chapter aims to test the prediction that increased spatial structure selects for a more prudent life history. Investigating the phenotypic response of experimental populations allows us to elucidate the capacity of parasites to respond to selection imposed by increase structure, and may help to inform future disease management and prevention efforts. 
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Experimental evolution of phage against a static ancestral host allows phage to adapt to structured environments both phenotypically and genetically, without any confounding effects of co-evolutionary adaptation. Sequencing of key genes involved in host-parasite interactions will help to identify the genetic basis of life history evolution. I predict the evolution of slower adsorption rates, later lysis times and smaller burst sizes in populations from structured than non-structured environments. I expect to see mutations on genes associated with host-parasite interactions in all treatments, but different identities of mutations in structured than non-structured treatments.                                                                  
Methods
Media
Media used were standard King's B (KB) growth medium supplemented with the gelling agent Pluronic F-127. Pluronic F-127 (henceforth: Pluronic) is a non-toxic block copolymer of polypropylene oxide and ethylene oxide which is soluble at low temperatures but forms a stable gel at temperatures above 10°C (Gardener & Jones 1984). 16% Pluronic solutions are roughly equivalent to 0.6% semi-solid agar, a commonly used concentration in microbiology, which is known to allow movement of microbes through the medium, but at a reduced rate compared to liquid media. The advantage of using Pluronic rather than agaris that it forms a stable gel at 28ºC, but liquefies quickly when placed on ice, allowing the recovery and transfer of live heat-sensitive virions from one structured solution to the next. 35
Selection experiment
Six replicate populations were initiated in each of five levels of structure: 0 (liquid), 2, 4, 8 and 16% Pluronic (total 30 microcosms). Each of these were inoculated with 60 µl saturated overnight culture of P. fluorescens SBW25 (~107 cells ml-1) and 6 µl ancestral phage stock (1011 virions ml-1). After incubation standing statically at 28°C for 48 hours, structure was destroyed by placing cultures on ice, and a 1 ml sample filter sterilised to remove host cells. 60 µl phage filtrate was transferred to a fresh microcosm with the same concentrationof Pluronic and 60 µl fresh saturated P. fluorescens culture. This regime was continued for 20 48 hour serial transfers (c. 130 bacterial generations). 
Population densitiesAt every 2nd transfer, cultures were sampled and filter sterilised. Filtrates were spot-plated for phage titration and aliquots frozen at -80°C. Bacteria were discarded.
Phage life historyFilter-sterilised samples of phage populations from the 0% and 16% Pluronic treatments were taken at the end of the selection experiment and assayed for life history traits. Due to the low densities of phage in evolved populations and initial assay issues, some samples at transfer 20 were exhausted before reliable life history estimates could be made. Therefore, all final assays were conducted on samples from transfer 18.
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Phage amplificationEach population (transfer 18) first underwent a round of phage amplification. Phage suspensions were serially diluted; 100 µl mixed with 100 µl saturated P. 
fluorescens culture (~107 cells ml-1) in 6 ml 0.6% KB agar and poured onto a standard 1.2% KB agar plate as a semi-solid overlay. After overnight growth inverted at 28°C, the plates exhibiting semi-confluent lysis were flooded with 6 ml KB liquid medium and phage allowed to adsorb for ~1 hour. The supernatantwas then collected into a sterile 30 ml glass universal, and the semi-solid agar layer scraped into the same universal. 1% (v/v) chloroform was added and the mixture incubated at room temperature for ~1 hour. The mixture was then filter-sterilised and the filtrate spot-plated for titration and stored in aliquots of 1 ml at -80°C as high-titre phage suspension.
Growth curves33 replicate microcosms were initiated with 100 µl saturated P. fluorescens culture (~107 cells ml-1) in 6 ml KB liquid medium in sterile 30 ml glass universals. These microcosms were incubated shaken at 180 rpm at 28°C. At mid-log host growth (3.5 hours after initiation), microcosms were inoculated with phage suspension at a multiplicity of infection (MOI) of 0.001. Immediately after inoculation and every 8 minutes for 80 minutes, 3 replicate microcosms were selected at random, sampled and removed. A 1 ml sample was taken and immediately filter sterilised to prevent further growth. At the end of the assay, all samples were spot-plated for titration. A one-step growth curve was obtainedfor each evolved phage population and used to calculate life history values. 37
For each phage growth curve, a generalised additive model (GAM) was fitted to log10 PFU ml-1 against smoothed time and used to predict values to fit a smoothed curve to the data. 
Lysis timeLysis time was calculated as the point of inflection during the exponential growth period, which equates to 50% of infected cells lysed.
Burst size
Burst size was calculated as Pmax
Pads
where Pmax is the maximum free phage 
following burst, and Pads is the number of adsorbed phage, obtained by calculating P0−Pmin where P0 is free phage at time 0, and Pmin is free phage following adsorption, immediately before the exponential growth period. 
Adsorption rate24 replicate microcosms were initiated with 100 µl saturated (~107 cells ml-1) P. 
fluorescens culture in 6 ml KB liquid medium in sterile 30 ml glass universals. These microcosms were incubated shaken at 180 rpm at 28°C. At mid-log host growth (3.5 hours after initiation), microcosms were inoculated with phage suspension at an MOI of 0.001. Immediately after inoculation and at 3, 6, 10, 15, 20, 25 and 30 minutes, 3 replicate microcosms were selected at random, sampled and removed. A 1 ml sample was taken and immediately filter sterilised. At the end of the assay, all samples were spot-plated for titration. Adsorption rate was calculated as (adapted from Shao & Wang 2008):
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r=
μ ln(P t /P0)
−(eμ t−1)N 0
 where Pt is free phage density at 30 minutes, P0 and
N0 are phage and bacterial density at time 0, respectively, μ is bacterial growth rate and r is the rate to be measured.
Principal components analysisAs life history strategies are made up of combinations of life history trait values rather than any individual trait in isolation, a principal components analysis wasconducted on lysis time, burst size and adsorption rate to assess covariance and look for groupings by strategy.
Sequence analysis
At the end of the experiment (Transfer 18), filter-sterilised Φ2 populations wereSanger sequenced (Applied Biosystems: ABI PRISM 3130xl Genetic Analyzer) for5 genes believed to be important in interactions with the host and a control (Table 2.1). These genes are those identified in Paterson et al. (2010) as most rapidly evolving divergence in Φ2 under co-evolution with P. fluorescens. As these genes diverged during antagonistic interactions with the host, they are predicted to be involved in controlling phenotypes associated with the host-associated infection and virulence traits such as adsorption rate, lysis time and burst size. The full sequencing protocol is outlined in appendix II. Genes were assembled and aligned using Geneious R7 (created by Biomatters. Available from http://www.geneious.com/). Fixed mutations were identified as single clear peaks that differed from the reference genome in both the forward and 
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reverse sequences (NCBI accession number NC_012660). Polymorphisms were identified as overlapping double high peaks that occurred in both the forward and reverse sequences. Euclidean distances were calculated in R statistical package (R Core Team 2013) based on binary data of base differences from the ancestor. At each position where a particular base mutation occurred in at least one population, all populations were given a score of 1 if they carried that particular base, 0 if they carried the ancestral base or 0.5 if there was a polymorphism of ancestral and mutant bases. Where two different base mutations occurred between populations at any particular position, that position was scored twice. A neighbour-joining tree of genetic distances between the populations was constructed and rooted by the ancestor.
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Gene FunctionSBWP25_0027* Predicted virion structural proteinSBWP25_0032* Tail tubular proteinSBWP25_0034* Predicted lysozymeSBWP25_0035* Internal virion structural proteinSBWP25_0036* Predicted tail fibre proteinSBWP25_0040 Predicted phage lysozyme
Table 2.1. Genes Sanger sequenced in all evolved populations and the ancestor. Genes SBWP25_0027 - 0036 are those previously identified by Paterson et al. (2010) as rapidly evolving divergence in co-evolution with the host. Gene SBWP25_0040 was included as a control.
Statistical analysis
All statistical analyses were conducted in R statistical package (R Core Team 2013).    Life history traits and mutation events were analysed using standard ANOVAs of trait by treatment, correlations between traits were analysed using Pearson's product moment correlations and variance in life history traits was analysed using Bartlett's tests of homogeneity of variances between treatments.
Results
Phage densities
The density of phage in evolving populations at five levels of structure with a static host was recorded at every second 48h transfer by spot plating filter-sterilised samples. In all structure treatments except the highest level of structure (16%), phage density increased rapidly at the beginning of the experiment, and remained constantly high in all populations throughout the selection experiment, with some fluctuation in the 8% Pluronic treatment (Fig. 2.1). At 16% Pluronic, phage density trajectories were more variable, with some populations showing an initial decline in density followed by a recovery. One population declined to extinction within the first few transfers and has been excluded from analysis. All remaining populations (n=5) at 16% had a hump-shaped density trajectory over time, rising to a peak density between transfers 8-12 and declining towards the end of the experiment. 
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Figure 2.1. Phage density measured every second transfer throughout the selection experiment. Colours represent individual populations from 6 replicate populations in each structure treatment: 0 (a), 2 (b), 4 (c), 8 (d) and 16% (e) Pluronic. Phage density was significantly lower in high structure 16% Pluronic treatment at the end of the experiment (transfer 20) than in other treatments (ANOVA; F = 10.96, d.f. = 4, 24, p<0.001)
End densities (transfer 18) were significantly lower at 16% Pluronic (ANOVA; F = 10.96, d.f. = 4, 24, p < 0.001), with no significant difference in variance of end densities between replicate populations (Bartlett test of homogeneity of variances; K2 = 0.7025, d.f. = 4, p =  0.951).
0% (no structure) and 16% (high structure) treatments were chosen for further analysis as the extremes of the selection conditions, which would be most likely to elucidate the effects of spatial structure on life history evolution. Intermediatestructure treatments were excluded in order to reduce the time and expense needed for analysis.
Phage life history
Samples of filter-sterilised phage populations from the end of the selection experiment (transfer 18) were assayed for life history traits adsorption rate, lysis time and burst size. Adsorption rate was significantly slower in both treatments than the ancestor (Fig. 2.2.a. ANOVA;  F = 6.6, d.f. = 2,8, p =0.02. Post-hoc Tukey comparisons; Ancestor-16%: difference = 7.4×10-9, p < 0.001, Ancestor-0%: difference = 7.25×10-9, p < 0.001), but not significantly different between high and no structure treatments (ANOVA; F = 0.41, d.f. = 1,9, p = 0.54). There was also no significant difference in variance of adsorption rate between the two treatments (Bartlett test of homogeneity of variances; K2 = 1.255, d.f. = 1, p =  0.263).
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Figure 2.2. Life history box and whisker plots of evolved (transfer 18) populations from 0% (n=6) and 16% (n=5) Pluronic treatments, and the ancestor (n=1). Boxes display the median and interquartile range, and whiskers display the maximum and minimum values of the traits. Panel a shows adsorption rate, which was significantly slower in both treatments than the ancestor (ANOVA; F = 6.6, d.f. = 2,8, p = 0.02), but not significantly different between 0% and 16% Pluronic treatments (ANOVA; F = 0.41, d.f. = 1,9, p = 0.54). Panel b shows lysis time, which was significantly later in the 16% Pluronic treatment than 0% (ANOVA; F = 4.94, d.f. = 1,9, p = 0.05) and the ancestor (ANOVA; F = 6.1, d.f. = 2,8, p = 0.042). Panel c shows burst size, which was not different from the ancestor in either treatment (ANOVA; F = 1.56, d.f. = 2,8, p = 0.27), nor significantly different between 0% and 16% Pluronic treatments (ANOVA; F = 8x10-4, d.f. = 1,9, p = 0.07)
Lysis time was significantly later than the ancestor in evolved populations from the 16% Pluronic high structure treatment, but not the 0% Pluronic no structuretreatment (Fig. 2.2.b. ANOVA; F = 6.1, d.f. = 2,8, p = 0.025. Post-hoc Tukey comparisons; Ancestor-16%: difference = -0.55, p = 0.042, Ancestor-0%: difference = -0.26, p = 0.37).  Lysis time was also significantly later in evolved populations from the 16% Pluronic high structure treatment compared to the 0% Pluronic no structure treatment (ANOVA; F = 4.94, d.f. = 1,9, p = 0.05). There was no significant difference in variance of lysis time between the two treatments (Bartlett test of homogeneity of variances; K2 = 0.3752, d.f. = 1, p =  0.54).
There was no significant difference in burst size between evolved populations from either treatment and the ancestor (Fig. 2.2.c. ANOVA; F = 1.56, d.f. = 2,8, p =0.27), or between evolved populations from each treatment (ANOVA; F = 8×10-4, d.f. = 1,9, p = 0.98). There was no significant difference in variance of burst size between the two treatments (Bartlett test of homogeneity of variances; K2 = 3.2053, d.f. = 1, p = 0.073).
Correlation analysis
Correlations between pairs of traits were sought in order to elucidate trade-offs. Lysis time and adsorption rate were significantly correlated with each other in 0% Pluronic no structure populations (Fig. 2.3. Pearson's product-moment correlation; t = -3.7, d.f. = 4, p = 0.02), but not in 16% Pluronic high structure populations (Fig. 2.3. Pearson's product-moment correlation; t = -0.37, d.f. = 3, p 
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= 0.74), nor across both treatments combined (Fig. 2.3. Pearson's product-moment correlation; t = -0.54, d.f. = 9, p = 0.6). There were no other significant correlations between life history traits in either treatment nor overall (data not shown).
In order to investigate holistic life history strategies among these key traits, covariance was analysed using principle components analysis. The principal components analysis explained all of the variation in the data in principal components 1 (79%) and 2 (21%). PC1 was associated with burst size, while 46
Figure 2.3. Correlation between adsorption rate and lysis time in evolved (transfer 18) populations from 0% (n=6, black circles) and 16% (n=5, blue triangles) Pluronic treatments. Lysis time and adsorption rate were significantly correlated at 0% Pluronic (Pearson's product-moment correlation; t = -3.7, d.f. = 4, p = 0.02), but not at 16% Pluronic (Pearson's product-moment correlation; t = -0.37, d.f. = 3, p = 0.74), nor across both treatments combined (Pearson's product-moment correlation; t = -0.54, d.f. = 9, p = 0.6).
PC2 was associated with lysis time (Fig. 2.4.a). There was some indication of groupings by treatment (Fig. 2.4.b), although these groupings may overlap. These postulated groupings suggest the emergence of divergent life history strategies both between the two treatments, and between populations within the high structure treatment (16% Pluronic).
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Figure 2.4. Principal components analysis. Panel a is the loadings biplot showing the principal component scores of the individual populations (lower x axis = PC1, left y axis = PC2), and the relative loadings of the life history variables (red arrows, upper x and right y axes). Numbers correspond to individual populations. Panel b is the traits biplot, which shows the location of each population from the 0% (n=6, black circles) and 16% (n=5, blue triangles) Pluronic treatments in trait space according to principal components scores on PC1 and PC2.
Phage evolution
Evolved phage populations were Sanger sequenced at the end of the selection experiment (transfer 18) in 5 genes believed to be important in controlling interactions with the host, and a control (see table 2.1). Sequences analysed from all populations were identical to the ancestor in all but one of the genes investigated. Mutations on gene SBWP25_0036, which encodes for the tail fibre protein, are identified in table 2.2. There was no significant difference in the number of mutational events between 0% Pluronic no structure (range = 2-3, mean = 2.5 mutations) and 16% Pluronic high structure 
(range = 2-4, mean = 2.6 mutations) treatments (Fig. 2.5. ANOVA; F = 0.05, d.f. = 1,9, p = 0.82), and there was no significant difference in the variance between 
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Gene SBWP25_0036
Position 281 290 928 992 995 1204 1291 1433 1435 1562 1675
0% Pluronic:
1 - - - = = - - - - - +
2 - - - - + - - - - - +
3 - - = - - - - - = - -
4 - - = - = = - - - - -
5 - - - - + - - - - = =
6 - - - - + - - - - - =
16% Pluronic:
1 + - - = - - = - - - +
2 - - - + - - - - - - +
3 - + - - - - - = - - -
5 + - - - - - - + - - +
6 - - - - + - - - - - +
Type (+) A-G A-G C-A T-A T-G A-G
Poly (=) M M W R R K M M R
Table 2.2. The locations and identities of mutations on gene SBWP25_0036 in the evolved (transfer 18) populations. Positions (in base pairs from the start of the gene) are indicated at the top of the table, and the mutations found at that position (base differences from the ancestor) are identified at the bottom of the table. Rows correspond to individual populations. + indicates the presence of the identified mutation in the population, and = indicates the presence of the identified polymorphism.
the two treatments (F-test of variance; F = 0.375, d.f. = 5,4, p = 0.31). However, the frequency of mutations varied between treatments, and some mutations were found exclusively in one of the two treatments (Fig. 2.6). A neighbour-joining tree of Euclidean distances is displayed in figure 2.7. There were no distinct clusters by treatment. The longest branches were found in high structure populations, and the shortest branches were found in no structure populations.
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Figure 2.5. The number of mutations in gene SBWP25_0036 in 0% (n = 6) and 16% (n = 5) populations. Boxes display the median and interquartile range, and whiskers display the maximum and minimum values. There was no significant difference in the number of mutations between 0% and 16% Pluronic treatments (ANOVA; F = 0.05, d.f. = 1,9, p = 0.82).
Figure 2.6. Frequency of each identified mutation in gene SBWP25_0036 in evolved (transfer 18) populations from 0% Pluronic low structure (n= 6, black circles) and 16% Pluronic high structure (n= 5, blue asterisks) populations. The x axis shows the bp position of mutations on the gene. 
Figure 2.7. Neighbour-joining tree of pairwise Euclidean distances between 11 evolved (transfer 18) populations and the ancestor in gene SBWP25_0036. Based on binary data of base substitutions from the ancestor, rooted by the ancestor (black diamond). 0% Pluronic populations are labelled No struc, blue circles. 16% Pluronic populations are labelled High struc, pink squares.
Discussion
Parasite life history evolution in high and low spatial structure has been examined theoretically with life history theory and mathematical models, but few empirical studies have directly assessed life history evolution in spatially structured environments. My data suggest that increased spatial structure selects for later lysis as predicted by life history theory, but not slower adsorption or smaller burst size than at low structure. Although life history traits do not generally appear to be correlated with one another, there is some limited evidence for divergent life history strategies between populations evolved to high and low spatial structure. There was a lot of variation between populations in all traits in both spatial structure treatments, which indicates that life history evolution in phage Φ2 may be more complex than suggested by life history theory and simple models.
Life history theory predicts that in non-structured environments, interactions are global and parasites with as short a reproductive cycle as possible will be favoured, particularly when they also produce large numbers of progeny. Conversely, in highly spatially structured environments, interactions become localised. Parasites should evolve longer reproductive cycles and produce fewer progeny with greater dispersal ability.
The evolution of a much slower adsorption rate in both treatments than the ancestor may indicate a general adaptation to experimental conditions rather than an adaptation to either treatment. It is worth noting that the no structure 52
treatment employed in this study, although liquid, was incubated statically rather than shaken. Shaking cultures is known to break up any structure caused by bacterial formations such as biofilms within the microcosms and is used in microbiology to ensure a homogeneous environment. Therefore, it may be the case that in each 48 hour growth period, sufficient bacterial structure formed to cause selection for a reduced adsorption rate. Static incubation of P. fluorescens encourages the formation of biofilms, which cause sufficient structure to promote adaptive radiation of bacterial morphology (Rainey & Travisano 1998), so reduced adsorption rate in my no-structure treatment may in fact be an adaptation to low structure. Alternatively, the ancestral stock preparation may have by chance selected a genotype with an unusually fast adsorption rate, which was non-optimal in both environments, causing the evolution of reduced adsorption rate in both.
The evolution of later lysis in highly structured environments was consistent with theoretical predictions (Wild et al. 2009; Lion & Boots 2010). Later lysis allows time for the immigration of susceptible hosts into the local patch and diffusion of kin before burst, increasing the likelihood of progeny encountering asusceptible host, and decreasing the risk of kin shading. 
Burst size did not differ between structure treatments nor deviate significantly from the ancestor in either treatment. Failure to map the pattern seen in lysis time is inconsistent with the idea that virions are assembled at a given rate and burst size is therefore dependent on lysis time, as is often assumed in the literature (Abedon & Yin 2009; Goldhill & Turner 2014). The large variation 53
seen in burst size between populations at high structure suggests that there maybe more than one life history strategy emerging in high structure populations.  The principal components analysis suggests two or more separate strategies may be in operation in the high structure treatment, with points forming two distinct groups, which may be divisible into further groups, although the boundaries of these further divisions are not well defined. With no correlations between traits at high structure it is difficult to define the strategies in play. The interrelationships between traits are complex, and likely to be strongly influenced by the first slight deviations from the ancestral state. Abedon & Culler (2007) highlight the importance of initial trait values on the influence of changes in these trait values on phage movement in semi-solid agar. When adsorption rate is high, a decrease in latent period (earlier lysis) will improve the diffusion of phage, although latent period length becomes less important if burst sizes are large and as adsorption rate decreases. Similarly, increases in burst size will improve phage diffusion ability, but only when burst sizes are initially small. An increase in adsorption rate will improve diffusion when adsorption rate is very slow, but have a negative effect on diffusion when adsorption rate is already fast. Any initial differences in trait values between populations, therefore, may alter the adaptive trajectory. Kin and self-shading avoidance can be achieved by more than one adaptive route – individuals can either delay adsorption, delay lysis time or reduce burst size, or modify a combination of any of these traits to achieve similar fitness benefits. This study demonstrates that multiple strategies are both possible and viable.
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Of the genes investigated, mutations were found only on gene SBWP25_0036, which encodes for the tail fibre protein. There is no difference in the number of mutations between treatments, so these mutations are likely to be responsible only for the reduced adsorption rate in both treatments. No single mutation was identified in every population, so none can be directly attributed to reducing the adsorption rate, although the most common mutation in both treatments (at position 1675) is likely to have been an important step for many of the populations. It is conceivable that there are many mutational routes to slower adsorption rate, as this is predicted to be governed mainly by the length of tail fibres in Φ2. The shorter the tail fibres, the further the virions diffuse before encountering a cell within reach, so any mutations that reduce the length of tail fibres will reduce the rate of adsorption. The variation in the mutational pathways that lead to a reduced adsorption rate are likely to be responsible for the large variation in adsorption rate between replicate populations in both treatments. It is perhaps surprising not to find mutations on the genes predictedto be important in lysis timing given the phenotypic adaptation observed. However, the measure of lysis time employed here encompasses both the adsorption time and the time spent reproducing within a cell, so it can be expected to vary with mutations in genes that determine adsorption rate also. Lysis time was indeed correlated with adsorption rate at no structure, but not at high structure, and we do not see the same pattern of reduced adsorption rate inhigh structure environments as we do with lysis. The relationship between genotype and phenotype is likely more complex than previously thought. 
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Mutations elsewhere on the genome that this study was not able to detect may have contributed to lysis time evolution through epistatic effects. Scanlan et al. (2011) studied the genetic basis of infectivity evolution in Φ2 and also concluded that the relationship between genotype and phenotype is unclear andlikely to involve epistasis between genes. Alternatively, lysis timing may be a relatively plastic trait, controlled by differential gene expression rather than mutational evolution. 
The lack of genetic evolution and phenotypic differentiation between treatmentsin this study may be due to a lack of mutational input because phage evolved to astatic ancestral host. It has been demonstrated by Paterson et al. (2010) that under co-evolution these genes evolve much faster than under evolution alone due to the Red Queen dynamics of infectivity and resistance evolution. In nature,phage will undoubtedly be co-evolving with their local hosts, so the extra mutational input provided by co-evolution may be a necessary driver of life-history evolution. Alternatively, mutation may have occurred elsewhere on the genome which this study was unable to detect. Further study with whole-genome sequencing is necessary to elucidate whether or not mutations in other genes interact with phage life history in spatially structured environments.
Conclusions
This study was designed to assess whether the experimental evolution of bacteriophage in a spatially structured environment aligned with theoretical predictions, and identify the underlying genetic evolution behind phenotypic 
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adaptation. Lysis time evolved in the direction predicted by theory, but adsorption rate and burst size did not show any significant divergence between treatments. There is a suggestion of multiple life history strategies being employed, which indicates that parasite life history adaptation may be more complex than imagined by theory. There was little genetic evolution on the genes studied which indicates a lack of mutational input without co-evolution with the host. Mutations identified on the tail fibre gene do not directly explain the adaptation in lysis time, suggesting a more complex genotype-phenotype relationship with epistatic interactions, or a possible phenotypic plasticity. Further studies would benefit from whole genome sequencing to identify genetic influences, co-evolution with the host to boost evolutionary potential and larger numbers of replicate populations in order to tease out multiple strategies. 
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3. UV environmental stress
Introduction
Bacteriophage which naturally inhabit environments exposed to direct sunlight, such as leaf surfaces, soil surface and shallow marine environments, regularly encounter high levels of UV exposure. The effects of UV on the viability and death of phage and repair mechanisms have been extensively studied both in thelab and in the marine environment for over 70 years (Bernstein 1981), but the effects of UV stress on the evolution of phage life history remains to be investigated.
In the marine environment, DNA damage caused by UV-A and B in direct sunlight can cause significant deactivation and death of phage in depths of up to 60 m below the surface in clear waters (Suttle & Chen 1992). UV exposure is predicted to be the primary factor in the decay of phage viability in these marinesystems, deactivating and killing more phage than all other phage-clearing mechanisms combined (Suttle & Chen 1992). Despite the extensive damage to phage caused by exposure to direct sunlight, phage numbers in nature remain high, outnumbering bacteria 3 to 10 times in natural water systems (Wommack et al. 1996). Wommack et al. (1996) suggested that as sunlight removes phage viability at a greater rate than it kills them, many of the phage present (as counted by electron microscope) are likely to be non-viable. Conversely, 
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Wilhelm et al. (1998) showed that most of the phage remained infective, indicating a significant amount of DNA damage repair occurring within host cells. Reactivation of phage infectivity within host cells by multiplicity reactivation (Luria 1947; Luria & Dulbecco 1949, later termed recombination reactivation), photo-reactivation (Dulbecco 1949; Dulbecco 1950) and excision (a.k.a dark repair, Luria 1950; Streisinger 1956) had already been discovered and documented in laboratory systems. However, the extent of these processes in natural communities was not realised until the experiments of Wilhelm et al. (1998), which suggested that up to 50% of damaged phage are reactivated in marine environments, and Kellogg & Paul (2002), where up to 100% reactivation was achieved in laboratory conditions.
The mechanisms of phage DNA repair are well documented for the T and λ phage (reviewed in Bernstein 1981), and comprise of both phage-encoded (primarily in large T4 phage) and host-encoded (particularly for the smaller λ phage) repair mechanisms. Phage Φ2 is a relatively small phage at ~43 Kbp, so it is likely that reactivation in this system is mainly governed by the host-encoded mechanisms of excision and photo-reactivation. Excision repair is a general bacterial response to DNA damage and involves the release of a multi-enzyme complex which works to remove lesions of various types from DNA (Kellogg & Paul 2002). Photo-reactivation is the light-dependent release of the enzyme photolyase, which specifically targets pyrimidine dimers (Kellogg & Paul 2002), the type of lesion commonly caused by UV (Wood et al. 1984).
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The current literature on phage and UV is focused on the effects of UV on phage infectivity (Wood et al. 1984; Suttle & Chen 1992; Wommack et al. 1996) and themechanisms and efficiency of repair (Cavilla & Johns 1964; Wilhelm et al. 1998; Dulbecco 1949; Dulbecco 1950; Ellison et al. 1960) in the short-term, the genetic basis of inactivation and reactivation (Harm 1963; Bernstein 1981), and the effects of UV-inactivation and reactivation on the composition of phage communities (Wilhelm et al. 1998; Wilhelm & Weinbauer 1998) and interference between phage (Bawden & Kleczkowski 1953). To my knowledge there have been no studies conducted to date on the effects of repeated exposure to UV on phage life history and host-parasite interactions on an evolutionary timescale. A general prediction for parasites in harsh environmentsis that adaptation to withstand environmental stress results in a trade-off with reproductive rate (Goldhill & Turner 2014). For example, across 16 phage families that infect E. coli, there is a robust negative correlation between reproduction and survival under heat stress, which is related to the density of their packaged DNA and capsid thickness (De Paepe & Taddei 2006). UV irradiation is another example of such an environmental stressor. Phage within ahost cell at the time of exposure may be afforded some protection by the cell membrane, and will have the additional advantage of immediate reactivation by host-mediated responses when compared to their ex-host conspecifics. Additionally, phage with larger burst sizes may increase the chances of some of their offspring surviving UV irradiation whether they happen to be in-host or ex-host at the time of exposure.
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The present study aims to measure the effects of regular exposure to lethal doses of UV on life history evolution in the Pseudomonas fluorescens phage Φ2, evolved against both a static ancestral host and a co-evolving host. Evolution against a static ancestral host allows us to observe phage adaptation to UV treatments without any confounding effects of co-evolution with the host, whilstco-evolution allows phage to evolve with the higher mutational input driven by co-evolutionary processes (Paterson et al. 2010), and with the benefit of host-mediated reactivation. I predict the evolution of faster adsorption, later lysis andlarger burst sizes in populations regularly exposed to UV in both evolution and co-evolution treatments. The elevated mutation rates associated with both co-evolution and UV reactivation is predicted to result in a larger evolutionary potential, allowing phage in co-evolution treatments to evolve closer to an optimum life history strategy than their counterparts in evolution treatments. Alternatively, co-evolution could limit the evolution of UV resistance in phage. In experiments with the same study system (Pseudomonas fluorescens and phage Φ2), Zhang & Buckling (2011) discovered that co-evolution with the host reduced the capacity of the phage to resist increasing temperatures. They concluded that the reduction in population size and accumulation of costly infectivity mutations caused by co-evolution contributed to the extinction of phage populations in their experiments.                                                                              
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Methods
Pilot
A pilot study was conducted in order to assess the doses of UV required for different mortality rates in phage Φ2. 24 replicate populations of Pseudomonas 
fluorescens were initiated in 6 ml KB media in 30 ml sterile glass universals, and incubated at 28°C, shaken at 180 rpm for 48 hours. 60 µl each culture was then transferred into a fresh microcosm, inoculated with 6 µl ancestral phage stock and incubated for a further 48 h to allow phage populations to establish. At 48 h,3 replicate populations were assigned to each one of 8 UV treatments: 0, 15, 30, 60, 100, 150, 300 or 600 mJoules cm2. 3 ml mixed culture (containing both intracellular and extracellular phage) from each microcosm was transferred to a sterile 50 mm diameter Petri dish and placed into a UV chamber (GS Gene Linker, BIO-RAD Laboratories). The lids of the Petri dishes were then removed and the mixed cultures exposed to the specified dose of UV-C (254 nm) by running the appropriate program. After treatment, the lids were replaced, the cultures removed from the cross-linker, and retained in the Petri dishes at room temperature until all mixed cultures had been exposed to their relevant dose of UV. 1 ml samples of each mixed culture were then filter-sterilised and spot-plated for phage titration. The log-linear survival curve was then used to predict the UV doses that would incur 50% (LD50), 75% (LD75) and 90% (LD90) death of free phage. The model predicts LD50 at 281 mJoules cm2, LD75 at 563 mJoules cm2 and LD90 at 935 mJoules cm2 (Fig. 3.1).
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Selection experiment
48 replicate populations of Pseudomonas fluorescens were initiated from 60 µl saturated overnight cultures (~107 cells ml-1) in 6 ml KB in 30 ml sterile glass universals. Each population was inoculated with 6 µl ancestral phage stock (1011virions ml-1) and incubated at 28°C, shaken at 180 rpm. After 48 h growth, cultures were assigned to one of 2 evolution regimes: phage evolution only, where the host was removed after UV exposure and replaced with ancestral hostat every transfer, or co-evolution with the host, where both host bacteria and phage were transferred after UV exposure and no host replacement took place. Populations under each evolution regime were additionally assigned to 4 UV treatments: LD0, LD50, LD75 or LD90 (0, 281, 563 and 935 mJoules cm2, 
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Figure 3.1. Pilot survival curve of log proportion of phage surviving different UV doses. Vertical lines indicate predicted doses for LD50 (green line), LD75 (blue line) and LD90 (purple line).
respectively). 6 replicate populations were assigned to each of the 8 treatment combinations. For irradiation, 3 ml of each mixed culture was transferred to a sterile 50 mm diameter Petri dish and placed into the UV chamber, without lids. These samples of whole culture, containing both phage particles and host cells, were then exposed to the appropriate dose of UV-C as described above. Populations assigned to the control LD0 treatment were transferred into a Petri dish as above, but not irradiated in the UV chamber. After all cultures had received their appropriate doses, for co-evolution treatments 60 µl mixed irradiated culture containing both phage virions and host cells was transferred to a fresh microcosm and incubated at 28°C, shaken at 180 rpm. For evolution treatments, 1 ml samples of mixed irradiated culture were filter-sterilised to remove host cells and 60 µl phage filtrate was transferred to a fresh microcosm, supplemented with 60 µl fresh ancestral saturated overnight non-irradiated culture of P. fluorescens and incubated at 28°C, shaken at 180 rpm. This regime was continued for 20 48 hour serial transfers (c. 130 bacterial generations). The order in which cultures received their dose was randomised to reduce the effects of any photo-reactivation that may have occurred in standing cultures. 
Population densities
At every 4th transfer, samples of each population were filter-sterilised and spot-plated for phage titration before UV dosing, and in co-evolution treatments bacterial populations were also plated from unfiltered samples for density determination. Aliquots of phage filtrate from all populations were stored at 
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-80°C, and aliquots of unfiltered culture from co-evolution treatments were frozen with 20% glycerol at -80°C. 
Phage life history
Filter-sterilised samples of phage populations from the LD0 and LD90 treatments were taken at the end of the selection experiment (transfer 20), amplified and assayed for life history traits following the methods described in chapter 2.
Life history strategies
As life history strategies are made up of combinations of life history trait values rather than any individual trait in isolation, a principal components analysis wasconducted on lysis time, burst size and adsorption rate to assess covariance and look for groupings by strategy.
Sequence analysis
At the end of the experiment (Transfer 20), filter-sterilised Φ2 populations wereSanger sequenced (Applied Biosystems: ABI PRISM 3130xl Genetic Analyzer) for5 genes believed to be important in interactions with the host and a control (Table 2.1, chapter 2). Genes were assembled and aligned using Geneious R7 (created by Biomatters. Available from http://www.geneious.com/).
Euclidean distances were calculated in R statistical package (R Core Team 2013) based on binary data of base differences from the ancestor. At each position where a particular base mutation occurred in at least one population, all 
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populations were given a score of 1 if they carried that particular base, 0 if they carried the ancestral base or 0.5 if there was a polymorphism of ancestral and mutant bases. Where two different base mutations occurred between populations at any particular position, that position was scored twice. A neighbour-joining tree of genetic distances between the populations was constructed and rooted by the ancestor.
Statistical analysis
All statistical analyses were conducted in R statistical package (R Core Team 2013).    Life history traits and mutation events were analysed using standard ANOVAs of trait by treatment, correlations between traits were analysed using Pearson's product moment correlations and variance in life history traits was analysed using an F-test of variance by treatment.
Results
Phage & bacterial densities
Phage density in evolving and co-evolving populations from the four UV treatments were measured at every fourth 48h transfer by spot-plating filter-sterilised samples. Bacterial density was also measured in co-evolving populations at every fourth transfer by plating unfiltered samples. There was no significant effect of UV on phage end-point (transfer 20) density (Fig. 3.2. ANOVA; F = 1.678, d.f. =3, 40, p = 0.187) or variance in phage end-point density (Bartlett test of homogeneity of variances: K2 = 5.98, d.f. = 3, p = 0.113), nor 
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Figure 3.2. Log10 Phage density measured every fourth transfer throughout the selection experiment in 6 replicate populations of each treatment. Panels a-d show phage density from evolving populations at 0 (a), 50 (b), 75 (c) and 90% (d) mortality UV treatments. Panels e-h show phage density from co-evolving populations at 0 (e), 50 (f), 75 (g) and 90% (h) mortality UV treatments. Colours represent individual replicate populations. There was no significant effect of UV on phage end-point (transfer 20) density (ANOVA; F = 1.678, d.f. =3, 40, p = 0.187). Phage densities were lower (ANOVA; F = 62.21, d.f. = 1, 40, p << 0.001) and displayed more variance in co-evolution than evolution treatments (Bartlett test of homogeneity of variances: K2 = 85.59, d.f. = 1, p << 0.001). 
bacterial end-point density (Fig. 3.3. ANOVA; F = 2.185, d.f. = 3, 19, p = 0.123) or variance in bacterial end-point density (Bartlett test of homogeneity of variances: K2 = 2.136, d.f. = 3, p = 0.545). Phage densities were lower (Fig. 3.2. ANOVA; F = 62.21, d.f. = 1, 40, p << 0.001) and displayed more variance in co-evolution than evolution treatments (Bartlett test of homogeneity of variances: K2 = 85.59, d.f. = 1, p << 0.001). 
LD0 and LD90 treatments were chosen for further analysis as the extremes of the selection conditions, which would be most likely to elucidate the effects of UV stress on life history evolution. LD50 and LD75 treatments were excluded in order to reduce the time and expense needed for analysis.
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Figure 3.3. Log10 Bacterial density measured every fourth transfer throughout the selection experiment in 6 replicate populations of each treatment. Panels show bacterial density from co-evolving populations at 0 (a), 50 (b), 75 (c) and 90% (d) mortality UV treatments. Colours represent individual replicate populations. There was no significant effect of UV on bacterial end-point (transfer 20) density (ANOVA; F = 2.185, d.f. = 3, 19, p = 0.123)
Phage life history
Samples of filter-sterilised phage populations from the end of the selection experiment (transfer 20) were assayed for life history traits adsorption rate, lysis time and burst size. Five of the co-evolution populations failed to amplify and are excluded from the rest of the analysis. From this point the levels of replication are: co-evolution & UV LD0 n = 3, co-evolution & UV LD90 n = 4, evolution & UV LD0 n = 6, evolution & UV LD90 n = 6.
There was no significant effect of UV dose on adsorption rate (Fig. 3.4.a. ANOVA; F = 0.696, d.f. = 1, 15, p = 0.417). Adsorption rate was significantly slower in co-evolved than evolved populations (ANOVA; F = 63.16, d.f. = 1, 15, p < 0.0001), and this effect was independent of UV dose (ANOVA; EVOLUTION x UV: F = 0.709, d.f. = 1, 15, p = 0.413). There was no significant difference in variance of adsorption rate between UV treatments (Levene's test for homogeneity of variance: F = 0.3, d.f. = 3, 15, p = 0.83).
There was no significant effect of UV dose on lysis time (Fig. 3.4.c. ANOVA; F = 0.497, d.f. = 1, 15, p = 0.492). There was a non-significant trend towards slower lysis in co-evolved than evolved populations (ANOVA; F = 3.39, d.f. = 1, 15, p = 0.085), and this effect was independent of UV dose (ANOVA; EVOLUTION x UV: F = 0.145, d.f. = 1, 15, p = 0.709). There was a non-significant trend towards greater variance in lysis timing in populations from the coevolution-LD90 group than any other treatment (Levene's test for homogeneity of variance: F = 2.29, d.f. = 3, 15, p = 0.12).
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Figure 3.4. Life history box and whisker plots of evolved (transfer 20) phage populations from 0% (Evolved (E) n=6, co-evolved (C) n=3) and 90% (Evolved n=6, co-evolved n=4) mortality UV treatments and the ancestor (n=1). Boxes display the median and interquartile range, and whiskers display the maximum and minimum values of the traits. Panel a shows adsorption rate, which was not affected by UV treatment (ANOVA; F = 0.696, d.f. = 1, 15, p = 0.417), but was significantly slower in co-evolved than evolved populations (ANOVA; F = 63.16, d.f. = 1, 15, p < 0.0001). Panel b shows lysis time, which was not affected by UV treatment (ANOVA; F = 0.497, d.f. = 1, 15, p = 0.492), but showed a non-significant trend towards later lysis in co-evolved than evolved populations (ANOVA; F = 3.39, d.f. = 1, 15, p = 0.085). Panel c shows burst size, which was not affected by UV treatment (ANOVA; F = 1.062, d.f. = 1, 15, p = 0.319), nor significantly different between co-evolved and evolved treatments (ANOVA; F = 0.13, d.f. = 1, 15, p = 0.724). 
There was also no significant effect of UV dose on burst size (Fig. 3.4.b. ANOVA; F= 1.062, d.f. = 1, 15, p = 0.319), nor any significant effect of evolution treatment (ANOVA; F = 0.13, d.f. = 1, 15, p = 0.724). There was a non-significant trend towards an interaction between UV dose and evolution treatment on burst size (ANOVA; EVOLUTION x UV: F = 3.097, d.f. = 1, 15, p = 0.099), which suggests thatUV exposure may increase burst size in co-evolution treatments only. There was a non-significant trend towards greater variance in burst size in populations from the coevolution-LD90 group than any other treatment (Levene's test for homogeneity of variance: F = 2.77, d.f. = 3, 15, p = 0.078).
Correlations between pairs of traits were sought in order to elucidate trade-offs. In general among all populations, a faster adsorption rate was associated with an earlier lysis time (Fig. 3.5; Pearson's product-moment correlation: t = -2.22, d.f. = 17, p = 0.04), although this trend did not hold within any one treatment (Pearson's product-moment correlations: evolution-LD0: t = -2.1, d.f. = 4, p = 0.1;evolution-LD90: t = -0.12, d.f. = 4, p = 0.9; coevolution-LD0: t = -2.73, d.f. = 1, p = 0.22, coevolution-LD90: t = -0.37, d.f. = 2, p = 0.74). Among all populations there was no correlation between burst size and adsorption (Pearson's product-moment correlation: t = -0.53, d.f. = 17, p = 0.68), or burst size and lysis time (Pearson's product-moment correlation: t = -1.37, d.f. = 17, p = 0.18), but at LD90, evolution populations showed a significant positive relationship between increased burst size and faster lysis (Fig. 3.6. Pearson's product-moment correlation: t = -3.6, d.f. = 4, p = 0.02).
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Figure 3.5. Correlation between adsorption rate and lysis time in evolved populations (transfer 20) from 0% (Evolved n=6, blue circles, co-evolved n=3, orange circles) and 90% (Evolved n=6, purple squares, co-evolved n=4, red squares) mortality UV treatments. Across all populations from all treatments combined, there was a positive correlation between fast adsorption and early lysis (Pearson's product-moment correlation: t = -2.22, d.f. = 17, p = 0.04), but this trend did not hold within any one treatment (Pearson's product-moment correlations: evolution-LD0: t = -2.1, d.f. = 4, p = 0.1; evolution-LD90: t = -0.12, d.f. = 4, p = 0.9; co-evolution-LD0: t = -2.73, d.f. = 1, p = 0.22, co-evolution-LD90: t = -0.37, d.f. = 2, p = 0.74).
Figure 3.6. Correlation between burst size and lysis time in evolved populations (transfer 20) from 0% (Evolved n=6, blue circles, co-evolved n=3, orange circles) and 90% (Evolved n=6, purple squares, co-evolved n=4, red squares) mortality UV treatments. Across all populations from all treatments combined, there was no correlation between burst size and lysis time (Pearson's product-moment correlation: t = -1.37, d.f. = 17, p = 0.18), but at LD90, evolution populations showed a significant positive relationship between increased burst size and faster lysis (Pearson's product-moment correlation: t = -3.6, d.f. = 4, p = 0.02).
In order to investigate holistic life history strategies among these key traits, covariance was analysed using principle components analysis. The principal components analysis explained all of the variation in the data in principal components 1 (88%) and 2 (12%). PC1 was associated with burst size and lysis time, while PC2 was associated with adsorption rate, and loosely with lysis time (Fig. 3.6.a). Populations from evolution treatments were grouped closely together in trait space regardless of UV treatment, suggesting that there was little divergence in strategy between populations from the two UV treatments (Fig. 3.6.b). Conversely, in co-evolution populations there was a stark difference in life history strategies between LD0 populations, which are clustered more closely together and share similar trait space to evolution populations, and LD90
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Figure 3.7. Principal components analysis. Panel a is the loadings biplot showing the principal component scores of the individual populations (lower x axis = PC1, left y axis = PC2), and the relative loadings of the life history variables (red arrows, upper x and right y axes). Numbers correspond to individual populations. Panel b is the traits biplot, which shows the location of each population from the 0% (Evolved n=6, blue circles, co-evolved n=3, orange circles) and 90% (Evolved n=6, purple squares, co-evolved n=4, red squares) mortality UV treatments in trait space according to principal components scores on PC1 and PC2.
populations, whose strategies varied widely and all but one population fell far from the main cluster of evolution populations.
Phage evolution
Evolved phage populations were Sanger sequenced at the end of the selection experiment (transfer 20) in 5 genes believed to be important in controlling interactions with the host, and a control (see table 2.1, chapter 2). A number of mutations were identified in the genes studied, which are presented in table 3.1.The majority of mutational events were found in gene SBWP25_0036, which encodes for the tail fibre protein, followed by genes SBWP25_0032 and 
SBWP25_0027 which encode for a tail tubular protein and predicted virion structural protein, respectively. Only a few mutations were found in genes 
SBWP25_0034 and SBWP25_0035 which encode for a predicted lysozyme and an internal virion structural protein, respectively, and one mutation was found in one population from treatment coevolution-LD90 in the control gene 
SBWP25_0040, which encodes for a predicted phage lysozyme.
There was no significant effect of UV treatment on the number of mutations (Fig.3.8. GLM: z = 0, d.f. = 15, p = 1), but there were significantly more mutations in co-evolution treatments compared to evolution treatments (Fig. 3.8. GLM: z = -5.15, d.f. = 15, p << 0.0001). In fact, only two mutation events were observed in evolution treatments: one A-G (R) polymorphism at position 1340 on gene 
SBWP25_0032 which occurred in just one evolution-LD90 population, and a T-A mutation at position 1433 on gene SBWP25_0036 which occurred in all
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Gene SBWP25_0027 SBWP25_0032 SBWP25_0034 SBWP25_0035
Position 74 161 262 275 331 113 388 476 569 868 1195 1340 1351 2170 1807 1808 2514 2498
C 0:
1 - - - - + - + - - - - - - - - + - -
4 - - + - - - - + - - + - - - - - - -
6 - - - + - - - + - - - - - - - - - -
C 90:
2 - - - - + - - - + - - - - = - - - +
3 - - - - + + - + - - - - - - - - - +
4 - - - - - - - + - + - - - - - - - -
5 = + - - - - - + - - - - + - + - + -
E 0:
1 - - - - - - - - - - - - - - - - - -
2 - - - - - - - - - - - - - - - - - -
3 - - - - - - - - - - - - - - - - - -
4 - - - - - - - - - - - - - - - - - -
5 - - - - - - - - - - - - - - - - - -
6 - - - - - - - - - - - - - - - - - -
E 90:
1 - - - - - - - - - - - - - - - - - -
2 - - - - - - - - - - - - - - - - - -
3 - - - - - - - - - - - - - - - - - -
4 - - - - - - - - - - - - - - - - - -
5 - - - - - - - - - - - - - - - - - -
6 - - - - - - - - - - - = - - - - - -
Type (+) T-G G-A C-T Ins AAG T-C A-G A-G A-C C-G G-A T-C C-T G-A C-T
Poly (=) R R R K
Table 3.1. The locations and identities of mutations on the genes sequenced from the end-point (transfer 20) populations . Positions (in base pairs from the start of each gene) are indicated at the top of the table, and the mutations found at that position (base differences from the ancestor) are identified at the bottom of the table. Rows correspond to individual populations.  + indicates the presence of the identified mutation in the population, and = indicates the presence of the identified polymorphism.
Table 3.1 (continued). The locations and identities of mutations on the genes sequenced from the end-point (transfer 20) populations. Positions (in base pairs from the start of each gene) are indicated at the top of the table, and the mutations found at that position (base differences from the ancestor) are identified at the bottom of the table. Rows correspond to individual populations.  + indicates the presence of the identified mutation in the population, and = indicates the presence of the identified polymorphism.
Gene SBWP25_0036 SBWP25_0040
Position 290 307 308 370 995 1204 1217 1268 1271 1279 1284 1286 1287 1297 1298 1433 1562 1675 142
C 0:
1 - - + - + + - + + - - - - - + - - - -
4 - + - - - + + - - + - + + + - - - + -
6 + - - + - + - - - + - + + + - - + - -
C 90:
2 - - + - - + - - - = - = = + - - + - -
3 - - + - - + - - - - - - - - + - + - -
4 - - + - - + - - - - + - - - + - + - -
5 + - - - + + - - - + - + + + - - + - +
E 0:
1 - - - - - - - - - - - - - - - + - - -
2 - - - - - - - - - - - - - - - + - - -
3 - - - - - - - - - - - - - - - + - - -
4 - - - - - - - - - - - - - - - + - - -
5 - - - - - - - - - - - - - - - + - - -
6 - - - - - - - - - - - - - - - + - - -
E 90:
1 - - - - - - - - - - - - - - - + - - -
2 - - - - - - - - - - - - - - - + - - -
3 - - - - - - - - - - - - - - - + - - -
4 - - - - - - - - - - - - - - - + - - -
5 - - - - - - - - - - - - - - - + - - -
6 - - - - - - - - - - - - - - - + - - -
Type (+) A-G C-A A-G Del 12bp T-A G-A G-C C-G C-T T-A T-C A-G C-A A-G C-A T-A C-A A-G
Poly (=) W R M R
evolution populations from both LD0 and LD90 treatments. Neither of these mutations were found in any population from the co-evolution treatments. Co-evolution-LD90 treatment populations also showed a greater variance in the number of mutational events between populations than in other treatments (Levene's test for homogeneity of variance: F = 11.74, d.f. = 3, 15, p = 0.0003).
Figure 3.9 shows the frequencies of each identified mutational event in each gene within each treatment. In most genes, any one mutation was found in only one or two populations in any one treatment and there were many unique mutations which only occurred in one population in one treatment. In gene 
SBWP25_0036, however, there were several mutations which occurred in the 
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Figure 3.8. The number of mutation events across all genes sequenced from end-point (transfer 20) 0% (Evolved n=6, co-evolved n=3) and 90% (Evolved n=6, co-evolved n=4) mortality UV treatments. Boxes display the median and interquartile range, and whiskers display the maximum and minimum values. There was no significant effect of UV on the number of mutations between treatments (GLM: z = 0, d.f. = 15, p = 1), but there were significantly more mutations in co-evolution treatments compared to evolution treatments (GLM: z = -5.15, d.f. = 15, p << 0.0001).
majority of populations within a treatment. With the exception of one mutation at 308 bp, all of the frequent mutations occurred between 1200 and 1600 bp. 
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Figure 3.9. Frequency of each identified mutation in each gene in end-point (transfer 20) populations from 0% (Evolved n=6, blue circles, co-evolved n=3, orange circles) and 90% (Evolved n=6, purple squares, co-evolved n=4, red squares) mortality UV treatments. The x axis shows the bp position of mutations on the gene. a) gene SBWP25_0027, b) gene SBWP25_0032, c) gene 
SBWP25_0034, d) gene SBWP25_0035, e) gene SBWP25_0036, f) gene 
SBWP25_0040. 
Euclidean genetic distances of each population from the ancestor was higher in co-evolution treatments than evolution treatments in all of the genes studied (Fig. 3.10). A neighbour-joining tree of Euclidean distances is presented in figure3.11. All evolution treatments cluster together on a single node with the exception of population evolution-LD90 6, which is located on a sister-node to the other evolution populations. Three of four coevolution-LD90 populations cluster closely together, with coevolution-LD90 5 clustering with two of the coevolution-LD0 populations, and coevolution-LD0 1 located on a separate but sister node to the other co-evolution populations. Evolution and co-evolution populations cluster separately from each other, but there is very little differentiation between LD0 and LD90 populations in the evolution treatment. 
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Figure 3.10. Pairwise euclidean distance from the ancestor in each gene in populations from 0% (Evolved n=6, blue circles, co-evolved n=3, orange triangles) and 90% (Evolved n=6, purple squares, co-evolved n=4, red crosses) mortality UV treatments. The x axis denotes the gene (SBWP25_0027 = 27, etc). 
In the co-evolution treatment, LD0 and LD90 populations cluster separately for the most part, with one LD90 population located within the LD0 cluster.
Discussion
Evolved phage populations remained at stably high 48-h densities throughout the experiment, and co-evolved phage and bacterial populations suffered fluctuating densities typical of co-evolving populations in this system regardless 
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Figure 3.11. Neighbour-joining tree of pairwise Euclidean distances between 19 end-point (transfer 20) populations and the ancestor in all genes in table 2.1 (Chapter 2). Based on binary data of base substitutions from the ancestor, rooted by the ancestor (black diamond). 0% mortality populations are labelled No UV E (evolved, blue circles) and No UV C (co-evolved, orange circles). 90% mortality populations are labelled High UV E (evolved, purple squares) and High UV C (co-evolved, red squares). 
of UV treatments. Slower adsorption rate evolved in all treatments, with co-evolved treatments evolving slower adsorption rates than evolved treatments, contrary to predictions. There was no effect of UV treatment found in any life history trait, although there was a non-significant trend towards higher burst size and greater variation in both burst size and lysis time in co-evolved populations exposed to the highest dose of UV irradiation. A larger burst size may be an adaptation to increased extracellular mortality, as a larger number of progeny may increase the chances of a fraction surviving. There was a correlation between fast adsorption and early lysis across all treatments, but notwithin treatments, and high burst size was correlated with fast lysis only in evolution populations exposed to the highest dose of UV. There was little variation in life history strategy between evolved populations within or betweenUV treatments, but there was greater variation in co-evolved populations, and large variation evolved in co-evolved populations exposed to the highest dose of UV. Genetic analysis revealed very little molecular evolution in the evolution treatments within the genes studied, but much more mutation in the co-evolution treatments, and a greater variance in co-evolution populations exposed to the highest dose of UV. Genetic distances from the ancestor were higher in co-evolved treatments, but not greater in populations exposed to the highest dose of UV than those not exposed to UV. The mutation profiles (identity and frequency of given mutations) were sufficiently divergent between co-evolved populations exposed to the highest dose of UV and those not exposed to 
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UV that the majority of populations grouped according to UV treatment on a Euclidean distance tree, whilst evolved populations did not.
The observed evolution of reduced adsorption rate is at odds with standard life-history theory of parasite evolution under elevated ex-host mortality. However, evolution of reduced adsorption rate seems to be a general adaptation to laboratory conditions from an ancestor with an unusually high adsorption rate –slower adsorption rate also evolved contrary to theory in chapter 2. If this is the case, the further reduction in adsorption rate in co-evolved populations may simply be an artefact of the increased evolution rate under co-evolution (Paterson et al. 2010) allowing these populations to evolve closer to the optimum. An alternative explanation is that reduced adsorption rate could be a result of increased specialisation to non-ancestral host genotypes, or increased infectivity range reducing the ability of co-evolved phage to infect the ancestral host (Poullain et al. 2008). This conclusion is supported by the fact that several of the co-evolved populations failed to amplify on the ancestral host. Further work is necessary to determine between these alternative mechanisms.
It is surprising that UV dosing did not increase the mutation rate above the increase caused by co-evolution within the genes studied here. As the Φ2 genome is relatively small, there may be very little evolutionary potential for phage-encoded UV repair (Bernstein 1981).  As host-mediated repair is an efficient and ubiquitous process which only requires phage to adsorb to and penetrate the host, any phage-encoded resistance genes may be superfluous andlost in favour of a smaller genome which is more efficient to replicate. Instead, 83
an increased production of progeny leading to a higher burst size may increase the chances of some offspring surviving to infect irradiated hosts for photo-reactivation and excision. Also, phage may be under conflicting selection pressures for UV resistance and host infection. If any phage resistance mutationswhich confer resistance to UV also act to reduce infectivity or reproductive potential, then bacterial repair mechanisms will be harder to acquire, and therefore these mutations would reduce overall fitness, particularly under co-evolution. Alternatively, adaptive mutations may have occurred elsewhere on the genome that I was unable to detect here. As the genes I sequenced are involved with the infection process, they may be under purifying selection (Zwart et al. 2008), whereas genes elsewhere on the genome may be freer to accumulate mutations, and may be acting on life-history traits through epistasis or pleiotropy. Further study with whole-genome sequencing would uncover any such effects.
In evolution treatments, phage exposed to UV were re-introduced to ancestral hosts which had not been irradiated at each transfer. If phage are entirely relianton host-mediated reactivation (which does not occur without host irradiation), this process may simply have decimated the population at each transfer, resulting in repeated bottle-necking with no opportunity for evolution of phenotypic or genotypic resistance. Alternatively, there may be molecular resistance evolution elsewhere on the genome which interacts epistatically with life-history evolution, resulting in no net change in phenotypic traits, nor in the life-history associated genes studied. It is beyond the scope of this study to 
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distinguish between these alternatives. Future study using irradiated ancestral host cells and/or whole-genome sequences are needed to elucidate this effect. 
A lack of evolutionary potential is not appropriate to explain the patterns observed in co-evolution treatments, as these populations have not only undergone substantial evolution, but they also have the necessary conditions forreactivation. The main effect of UV dosing was an increase in variance of lysis timing and burst sizes, overall life history strategy and the number and identity of mutations between co-evolved populations. The current experiment is unableto distinguish whether these results are adaptive evolution or simply an effect ofnon-targeted mutagenesis caused by the damage and repair of DNA during UV exposure. It is also conceivable that any mutations that confer a direct benefit under UV exposure are located elsewhere on the genome and therefore not detected here. As bacterial cells were also exposed to UV in co-evolution treatments, bacterial mutation and repair may have had an effect on phage life history evolution. An increase in bacterial mutation rate could have resulted in a greater range of resistance profiles, driving the greater range of phage life history strategies we see here.
Co-evolution is known to exert strong selection pressure on phage Φ2 through the Red Queen dynamics of repeated resistance and infectivity evolution (Paterson et al. 2010). Co-evolution with the host is also predicted to select for increased infectivity (fast adsorption rate) and large burst size, but faster lysis. Therefore, phage would have been under similar selection pressure for adsorption rate and burst size in the two co-evolution treatments, but opposing 85
selection pressures for lysis time between the two UV treatments. This may explain why life history strategy was more variable in UV-dosed populations along PC1, which was associated with lysis timing and burst size. It is perhaps not surprising then that there was no directional divergence in phenotype between co-evolution treatments, as phage faced a strong trade-off between adaptation to co-evolution and UV in lysis timing, which is interrelated with burst size and adsorption rate, resulting in increased variance in these traits also.
Conclusions
This study was designed to assess the effects of UV exposure on the evolution of phage life history under both evolution and co-evolution. In evolution there was very little divergence in phenotype or genotype from the ancestor or between treatments, which suggests that resistance to UV in this phage is almost entirely dependent on host-mediated reactivation. In co-evolution there was increased variation in life-history traits and mutation in UV treatments but no clear directional evolution of phenotype or genotype above that observed in co-evolution populations not exposed to UV. The lack of directional evolution in phenotype is likely to be due to conflicting selection pressures from co-evolutionand UV on lysis timing. It is beyond the scope of this study to determine whetherthe change in mutation profile between co-evolution populations exposed and not exposed to UV is due to adaptation or non-targeted random mutagenesis. Further studies would benefit from whole-genome sequencing to discover 
86
potential adaptive mutations elsewhere on the genome and any epistatic effects which may have constrained the evolution of the genes studied here. Studies using evolution against an irradiated ancestral host would also help to elucidate any antagonism between co-evolution and UV resistance, as well as the potentialfor phage Φ2 to evolve resistance without co-evolution.
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4. The effects of phage on bacteria-plasmid 
dynamics
Statement of collaboration
This experiment was conducted in collaboration with Dr. Ellie Harrison. We jointly conducted the selection experiment and the resistance assays, I plated phage samples for titration and Dr. Harrison assessed plasmid prevalence. Dr. Harrison conducted the time-shift analysis; all other analyses presented here aremy own.
Introduction
Conjugative plasmids are common in bacterial populations and act as agents of horizontal gene transfer, enhancing bacterial adaptation (Norman et al. 2009). Additionally, plasmids allow for a form of adaptive phenotypic plasticity in bacteria by acting as vectors of transiently beneficial genes among populations and between species that may be gained and lost as necessary (Eberhard 1990). These plasmid-encoded adaptations are often of profound ecological and clinicalimportance, such as resistance to heavy metal pollution (Silver & Misra 1988) and antibiotic resistance (Mazel & Davies 1999; Svara & Rankin 2011). In cystic fibrosis patients,  Pseudomonas aeruginosa infection is associated with chronic phases of the disease, which can lead to fatal exacerbation of symptoms 
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(Deretic & Schurr 1994). Complicating the treatment of cystic fibrosis, P. 
aeruginosa is resistant to all reliable antibiotics, largely due to the carriage of multiple antibiotic-resistant plasmids and other mobile genetic elements (Livermore 2002). Plasmids consist of a (usually) circular DNA genome of both core functional genes and potentially host-beneficial accessory genes. They can replicate independently within their bacterial hosts, and are subject to their own selection pressures (Harrison & Brockhurst 2012). The costs to host bacteria of carrying plasmids must be non-zero due to the biosynthetic costs of additional genetic material, and during cell replication plasmids can be lost during assortment into daughter cells, yet plasmids can be maintained at high frequencies. These realisations have prompted considerable interest in how plasmids are maintained in bacterial populations (e.g. Stewart & Levin 1977; Simonsen 1991). In environments where the benefits of plasmid carriage exceedthe costs, plasmids are stably maintained at high frequency (Dionisio et al. 2005;Heuer et al. 2007). In the absence of such positive selection however, plasmids are expected to be lost from host populations due to purifying selection, unless counteracted by high rates of conjugative transfer or amelioration of the costs ofcarriage (Subbiah et al. 2011; Lundquist & Levin 1986; Harrison & Brockhurst 2012). Although the effects of many parameters such as conjugation rates, host density and degree of parasitism have been considered both empirically and in mathematical models (Simonsen 1991; Bergstrom et al. 2000), the effects of co-occuring parasites on plasmid persistence are yet to be examined. Multi-
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parasitism is ubiquitous in nature (Mideo 2009; Read & Taylor 2001; Windsor 1998; Cox 2001) and can intensify or alter selection pressures on each individual party (Mideo 2009; Poulin 2001), so should not be ignored in attempts to quantify the existence conditions for plasmids. Bacteriophage, for example, are ubiquitous among bacteria and are a major cause of bacterial mortality (Proctor & Fuhrman 1990), so are likely to interact with plasmids either directly or indirectly.
Pseudomonas fluorescens carries the naturally associated conjugative mega-plasmid pQBR103 (Lilley & Bailey 1997b), which is 425kb. pQBR103 encodes a mercury resistance operon (Tett et al. 2007) which allows P. fluorescens to detoxify environmental mercury ions. When there is no environmental mercury, the biosynthetic costs of plasmid carriage is evidenced by a reduced growth ratein comparison to cells without the plasmid (Lilley & Bailey 1997; Ellis et al. 2007), and pQBR103 can be considered a parasite. At high levels of environmental mercury, however, pQBR103 confers a substantial growth benefitand can be considered a mutualist. As the concentration of environmental mercury varies within a landscape both spatially and temporally, the relationship between P. fluorescens and pQBR103 ranges from mutualistic through neutral to parasitic along a continuum proportional to mercury concentration.pQBR103 and phage Φ2 both occur commonly in natural populations of P. 
fluorescens, so phage are likely to impact upon plasmid fitness through their ecological and evolutionary effects on the host. Understanding the effects of co-
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ocurring naturally associated parasites on each other and their combinatorial effects on the host is important for disease management and prediction, and may be an important aspect to consider when designing medical interventions (Mideo 2009). If plasmid carriage reduces the ability of host bacteria to evolve resistance to phage due to biosynthetic costs, then phage infection will act to increase the cost of plasmid carriage and narrow the existence conditions for pQBR103. This effect could prove useful in the battle against plasmid-encoded antibiotic resistance and virulence factors in bacterial infections.This study aims to elucidate the effects of phage predation on pQBR103 persistence and host-parasite dynamics, under various degrees of positive selection for pQBR103. We predict that phage infection will narrow the existence conditions for pQBR103 along the parasitism-mutualism continuum by exacerbating the costs of plasmid carriage and reducing host density. We therefore predict that the presence of Φ2 will promote plasmid loss in the absence of selection for plasmid-encoded mercury resistance.
Methods
Selection experiment
48 microcosms were initiated with a single fresh colony of Pseudomonas 
fluorescens strain SBW25-ΩGm containing the conjugative plasmid pQBR103, in 6 ml KB in 30 ml disposable glass universal tubes. These populations were incubated at a constant temperature of 28°C, at 180 rpm. After 48 h growth (~107 cells ml-1), 60 µl of each population were transferred to fresh microcosms 91
and assigned to one of eight treatments: mercury free medium (0 µM HgCl2) or media containing 8, 16 or 32 µM HgCl2, and with or without P. fluorescens bacteriophage SBW25Φ2 in a full factorial design with 6 replicate populations ineach treatment (Transfer 1). At 32 µM HgCl2 pQBR103 is highly beneficial to the host, but at 0 µM HgCl2 pQBR103 carriage is costly to bacterial fitness, with intermediate concentrations of HgCl2 imposing intermediate costs/benefits to plasmid-carrying hosts (Harrison et al. 2014). Populations assigned to phage treatments were inoculated with 6µl of a 1011 virions ml-1 ancestral stock suspension. All cultures were incubated at 28 °C, 180 rpm and 1% of culture transferred every 48h for 20 serial transfers (c. 130 bacterial generations). 
Population densities 
At every 4th transfer, bacterial populations were plated for density, and Φ2 populations were filter-sterilised and spot-plated for titration. Aliquots of mixedculture were frozen with 20% glycerol at -80°C. 
Plasmid prevalence
At every 4th transfer, 10 individual colonies of P. fluorescens from each evolving population were PCR analysed for plasmid presence. Colonies were randomly selected from plated samples of each population and grown in 96-well plates for48h at 28°C. These cultures were then screened for plasmid presence using primers targeting the mercury resistance operon merA (for: 5'-TGCAAGACACCCCCTATTGGAC-3' and rev: 5'-TTCGGCGACCAGCTTGATGAAC-3') and the putative origin of replication oriV (for: 5'-TGCCTAATCGTGTGTAATGTC-
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3' and rev: 5'ACTCTGGCCTGCAAGTTTC-3').  Where <5 colonies screened positivefor plasmid presence in a population, a further 90 colonies were analysed.
Time-shift resistance assay
At every 4th transfer, 20 individual colonies of P. fluorescens were randomly selected from plated samples of each mercury-free population and grown in 96-well plates for 48h at 28°C. These cultures were then streak plated perpendicularly over pre-dried lines of filter-sterilised Φ2, on 1.2% KB agar. Colonies were streaked over lines of Φ2 from contemporary sympatric populations, 4 transfers in the past from the same evolving lineage and 4 transfers in the future.  Plates were incubated inverted at 28°C. After overnight incubation, colonies were visually assessed for resistance to Φ2. Colonies were recorded as sensitive to Φ2 if their growth was markedly inhibited past the point at which they crossed the Φ2 line, and resistant if no inhibition was apparent.
Statistical analysis
All statistical analyses were conducted in R statistical package (R Core Team 2013). Bacterial and phage end-point densities were analysed using ANOVAs and variance analysed with Bartlett's test of homogeneity of variance. Plasmid prevalence, bacterial resistance and mucoidy were analysed in generalised linear mixed effects models (with binomial errors) with phage treatment as a fixed effect, time and mercury treatment as covariates and population as a random effect.
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Results
Plasmid prevalence
Plasmid prevalence was assessed by PCR every fourth transfer. Plasmids remained at or near fixation throughout the experiment in mercury-containing environments regardless of phage presence, whilst at 0 µM HgCl2 (where pQBR103 is parasitic) plasmid prevalence declined over time in both phage treatments (Fig. 4.1; Mercury x Time; z= 4.3, n=288, p<0.0001). The decline in plasmid prevalence when parasitic was more pronounced in phage infected populations, with a decline to zero or very low frequency in 5 out of 6 populations, compared to stable maintenance of plasmid at intermediate frequencies in phage free populations (z= -3.1, n= 72, p= 0.002). Plasmid prevalence was also more variable at transfer 20 in phage infected (range= 0-85%) than phage free (range= 69-88%) populations (F test of variances; F= 21, d.f= 5,5, p= 0.005).
Bacterial & phage densities
Bacterial density was measured every fourth transfer by plating samples of eachpopulation. In phage-containing populations, phage density was also measured by spot-plating filter-sterilised samples for phage titration. Bacterial end-point (transfer 20) density was high in all mercury treatments in the absence of phage, but was markedly reduced in phage infected populations regardless of mercury treatments (Fig. 4.2, ANOVA; F = 61.74, d.f. = 1, 45, p << 0.0001). Bacterial end-point density was more variable in phage-containing populations 94
Figure 4.1. The proportion of plasmid-carrying cells over time in six replicate populations of each treatment. Panels a-d show plasmid prevalence in phage-free treatments from 0 (a), 8 (b), 16 (c) and 32 (d) µM HgCl2. Panels e-h show plasmid prevalence in phage-containing treatments from 0 (a), 8 (b), 16 (c) and 32 (d) µM HgCl2. Colours represent individual replicate populations. In mercury-containing populations, plasmid prevalence remained high regardless of phage treatment. At 0 µM HgCl2 plasmid prevalence declined over time in both phage treatments (Mercury x Time; z= 4.3, n=288, p<0.0001). This decline was more pronounced in phage infected populations (z= -3.1, n= 72, p= 0.002).
Figure 4.2. Bacterial density over time in 6 replicate populations of each treatment. Panels a-d show bacterial density in phage-free treatments from 0 (a), 8 (b), 16 (c) and 32 (d) µM HgCl2, and panels e-h show bacterial density in phage containing treatments from 0 (a), 8 (b), 16 (c) and 32 (d) µM HgCl2. Colours represent individual replicate populations. Bacterial end-point (transfer 20) density was high in all mercury treatments in the absence of phage, but markedly reduced in phage-containing populations regardless of mercury treatment (ANOVA; F = 61.74, d.f. = 1, 45, p << 0.0001)
(Bartlett test of homogeneity of variances: K2 = 28.39, d.f. = 1, p < 0.0001), but did not differ between mercury treatments (Bartlett test of homogeneity of variances: K2 = 2.71, d.f. = 3, p = 0.438). Phage end-point density and variance were also similar across phage infected treatments regardless of mercury concentration (Fig. 4.3, ANOVA; F = 0.225, d.f. = 1, 22, p = 0.64, Bartlett test of homogeneity of variances: K2 = 0.704, d.f. = 3, p = 0.872).
Bacterial resistance
Resistance to past, future and contemporary phage was assayed using streak-platings of bacteria over pre-dried phage lines. There was a highly significant positive relationship between time-shift and bacterial resistance in mercury-free populations (Fig. 4.4, t= 4.81, d.f= 60, p<0.001), indicating the incidence of selective sweeps of resistance mutations occurring in experimental populations.
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Figure 4.3. Phage density over time in 6 replicate populations of each treatment: 0 (a), 8 (b), 16 (c) and 32 (d) µM HgCl2. Colours represent individual replicate populations. Phage end-point (transfer 20) density was not affected by mercury concentration (ANOVA; F = 0.225, d.f. = 1, 22, p = 0.64).
Discussion
In the absence of positive selection for plasmid-encoded traits, theory predicts a loss of plasmids from the system unless counteracted by high rates of conjugation or amelioration of costs (Subbiah et al. 2011; Lundquist & Levin 1986; Harrison & Brockhurst 2012). We saw no purging of the plasmid in the absence of positive selection in phage-free populations, although plasmid prevalence was lower and more variable in mercury-free populations than in those under selection for plasmid-encoded mercury resistance. The loss or marked reduction of plasmids in the majority of phage-containing treatments 
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Figure 4.4. Rate of phage resistance evolution in bacterial populations at transfers 8, 12 and 16 in mercury-free populations. Points show the mean proportion of resistant clones from past (-4 transfers), present and future (+4 transfers) populations (left to right) when tested against contemporary sympatric phage populations. Means are averages of 6 replicate populations with error bars showing +/- 1 standard error. There was a highly significant positive relationship between time-shift and bacterial resistance in mercury-free populations (t= 4.81, d.f= 60, p<0.001)
demonstrates that under no positive selection for plasmid-encoded traits, phageinfection drives the loss of plasmids. This may be due to indirect competition forreplication impeding the transmission ability of plasmids by phage. In phage infected cells, phage hijack the cellular replication machinery in order to replicate, which slows or halts bacterial, and therefore plasmid, replication as nodaughter cells are produced. These cells are then lysed to release the new virions, which kills both the cell and effectively the plasmid by preventing both vertical transmission and conjugative transfer. Strong selection for phage resistance will confer a fitness benefit on bacterial cells that do not carry the plasmid, driving prevalence down. In the absence of phage predation, plasmids may be counteracting negative selection through high conjugation rates, which are not achievable in phage-containing populations due to the reduced density of host cells and the destruction of replication machinery caused by phage.
In phage-containing populations, there is considerable variability in the rate of plasmid loss between populations. Plasmids are maintained at high prevalence in each population until they are lost, often suddenly over just a few transfers.  This transient bistability in an environment that selects against plasmid persistence suggests that plasmids may be hitch-hiking through linkage with positively-selected bacterial mutations. The selective sweeps of bacterial resistance to phage observed in this experiment are a likely candidate for hitch-hiking by plasmids, as modelled by Bergstrom et al. (2000). If resistance mutations arise in plasmid-containing cells or plasmids successfully transfer into new resistance mutants and those mutants are carried to fixation, the 
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plasmid may be able to hitch-hike to high frequency. Plasmid-free cells, however,are produced at a constant rate by segregation, and would have a growth rate advantage over plasmid-carrying cells. This would produce cycles of repeated fluctuations in the ratio of plasmid-carrying to plasmid-free cells, until a successful phage-resistance mutation arises in plasmid-free cells. When phage-resistance mutations arise in plasmid-free cells, the growth rate advantage over plasmid-carrying cells would quickly carry plasmid-free resistance to fixation, removing plasmid-carriers from the population.
Phage in this system are likely to impose strong indirect selection on plasmids toreduce the severity of their costs to bacteria through gene loss or reduced gene expression, and/or to increase their conjugation rate to counteract loss. As both phage and plasmids are ubiquitous in natural populations and likely to co-occur, phage are potentially important drivers of the evolution of these key plasmid traits. The dynamics observed here also highlight the potential importance of multi-parasitism on the impact of hitch-hiking. Not only does hitch-hiking affect bacteria-encoded chromosomal genes in linkage (Waite & Shou 2012; Morgan etal. 2012), but also traits encoded by plasmids, and potentially other mobile genetic elements.
In nature, selection for phage resistance may provide the necessary selective sweeps required for maintenance of plasmids by hitch-hiking during periods of absent positive selection, or between selective environments. Bergstrom et al. (2000) state that selective sweeps must be frequent in order to prevent incorporation of plasmid-encoded traits onto the bacterial chromosome. The 101
host-parasite antagonistic co-evolution of repeated resistance and counter-resistance in P. fluorescens and phage Φ2 (Paterson et al. 2010), and other bacteria-phage systems may provide a suitable schedule of such selective sweeps for plasmid maintenance in natural environments.
These findings may also have implications for the use of phage therapy in treating bacterial infections. Theory suggests that semi-regular pulses of antibiotic resistance selection can maintain plasmids encoding resistance in bacterial populations despite periods of decline during the absence of selection (Svara & Rankin 2011). If co-infection with phage accelerates the loss of plasmids during periods of low or absent selection, this could shorten the interval needed between bouts of antibiotic use and reduce the evolutionary potential of antibiotic resistance in bacterial populations.
Conclusions
This study was designed to assess the effects of multi-parasitism on the existence conditions for plasmids. Selection for resistance to phage both accelerated the loss of plasmids from mercury-free environments, and promotedhitch-hiking of plasmids on positively selected resistance mutations. These effects led to fluctuations in plasmid prevalence followed by rapid loss and extinction from populations. Therefore, multi-parasitism in this system limits the existence conditions for plasmid pQBR103.
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5. Effects of plasmid carriage on phage life 
history and phage-host dynamics
Statement of collaboration
This experiment was conducted in collaboration with Dr. Ellie Harrison. We worked together to design the experiment, and Dr. Harrison provided help and guidance on the analysis. I conducted the experiment and collected the data, andall final analyses shown here are my own.
Introduction
Multiple virus genotypes or species co-infecting a single host cell is a common occurrence in nature and can have profound consequences for virus fitness (Turner 2005). Models of virulence evolution under multi-parasitism predict that genotypes exhibiting a “prudent” phenotype (characterised in phage by a long latent period and late lysis) will suffer a fitness disadvantage in competitionwith more virulent genotypes which are able to sequester more host resources and lyse sooner, thereby gaining secondary infections at a faster rate (Frank 1996; Nowak & May 1994). This selection for fast lysis will result in higher virulence of phage under multi-parasitism than in single infections. In experiments with E. coli and temperate lambdoid phage, Refardt (2011) demonstrated that when induced to lyse, lysis timing was always 
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controlled by the faster-lysing phage type in double infections. This fast lysis was associated with a competitive advantage over types with much later lysis, with competitive ability following a hierarchical pattern between 11 phage varying in lysis timing. Hamilton (1972) noted that relatedness could be a major factor influencing the evolution of life history in mixed infections. He hypothesized that when members of the same clone or related clones would suffer as a result of host resource depletion, more prudent life histories will evolve to enhance inclusive fitness. However, when competing strains or species are unrelated, the focal parasite benefits from increased virulence, as only unrelated competitors will suffer the costs of host depletion. This “tragedy of thecommons” strategy of over-exploitation of the host in unrelated mixed infectionshas since featured in many theoretical models of virulence evolution (Chao et al. 2000; Frank 1996; Levin & Bull 1994), and have been demonstrated empirically in phage T4 (Eshelman et al. 2010). In the RNA phage Φ6, the effects of multi-parasitism follow a classical prisoner's dilemma strategy of game theory due to shared intracellular products produced by these phage. Cheats evolve when two co-infecting strains are unrelated, which sequester the intracellular products made by cooperators, reducing the overall productivity of phage and consequently reducing rather than increasing virulence in mixed infections (Turner & Chao 1999).  Host response to multi-parasitism will also inevitably impact upon parasite fitness. Broad resistance phenotypes may evolve in bacterial populations exposed to multiple genotypes of phage (A. R. Hall et al. 2011; A. Hall et al. 2011), causing reduced fitness for phage and promoting the 
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evolution of costly infectivity traits (Poullain et al. 2008) which may impact upon life history. Alternatively, specific resistance mutations to locally adapted phage may reduce bacterial capability to resist invading phage genotypes, resulting in increased fitness of the rare genotype in mixed phage infections .
The effects of mobile genetic elements such as plasmids on phage life history arelikely to be similar to the effects of non-related antagonistic competitors throughtheir physiological and ecological effects on the host. Plasmids are a common feature of microbial communities and carry a variety of ecologically and clinically important traits such as heavy metal tolerance (Silver & Misra 1988; Lilley & Bailey 1997a) and antibiotic resistance (Archer & Johnston 1983; Mazel & Davies 1999). In environments where plasmids enhance bacterial fitness, theyare maintained at high frequency in host populations (Dionisio et al. 2005; Heuer et al. 2007), and so are likely to impact upon phage fitness both in naturaland clinical settings. The biosynthetic costs of plasmid carriage will restrict the host's ability to endure the costs of phage infection, thereby reducing the host resources available for phage progeny production; effectively an indirect competition between plasmid and phage. This indirect competition for host resources may select for increased virulence through faster lysis in a “tragedy of the commons” type response. The costs of plasmid carriage may also reduce the capacity of the host to evolve resistance to phage. Phage resistance mutations are often detrimental to bacterial fitness in the absence of phage due to antagonistic pleiotropy (Lenski 1988), which demonstrates the substantial costsof resistance evolution. Therefore, bacteria carrying plasmids may have limited 
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capacity to endure further decreases in fitness imposed by phage resistance evolution, which will result in decreased resistance to phage and reduce the rateof resistance/infectivity co-evolution. The dual costs of phage predation and plasmid carriage will negatively impact on bacterial growth, reducing the population density (as in phage-infected plasmid-carrying populations in chapter 4). Reduced host density may select for a more prudent phage life history strategy with a reduced adsorption rate and later lysis (Abedon et al. 2003a; Abedon 1989; Crossan et al. 2007; Wang et al. 1996).
The current literature on phage and multi-parasitism is focused on the effects of multiple genotypes or species of phage infecting host populations (Turner & Chao 1999; Turner 2005; Refardt 2011; Eshelman et al. 2010), and how the degree of relatedness influences virulence. The effects of mobile genetic elements on phage life history and phage-host dynamics are yet to be explored. 
 In chapter 4, we demonstrated that there was an antagonistic relationship between phage Φ2 and plasmid pQBR103 in P. fluorescens, and that the persistence of the plasmid when phage were present depended upon the degree of positive selection for plasmid-encoded mercury resistance. In this chapter, I investigate the effects of plasmid carriage on phage life history evolution and phage-host dynamics. I predict that, due to the physiological costs of plasmid carriage, there will be reduced bacterial resistance to phage, and phage will consequently persist at higher density in plasmid-carrying populations. As plasmid carriage is predicted to limit the host resources available to phage for reproduction, a more virulent life history strategy may be favoured. 106
Alternatively, the predicted reduction of bacterial density in plasmid-carrying populations may select for a more prudent life history strategy. 
Methods
Selection experiment
12 microcosms were initiated in 6 ml KB with 8 µM HgCl2 in 30 ml sterile disposable glass universals. 8 µM HgCl2 was used, as this concentration is an approximately neutral environment for plasmid carriage, where it imparts neither a strong positive or negative effect on the host, but is sufficient for maintenance of plasmid prevalence. 6 microcosms were inoculated with a singlefresh colony of Pseudomonas fluorescens strain SBW25-ΩGm (plasmid-free) and 6 were inoculated with the same strain containing the conjugative plasmid pQBR103 (plasmid-containing). These populations were incubated at 28°C, shaken at 180 rpm. After 48 h growth (~107 cells ml-1), 60 µl of each population were transferred to fresh microcosms and inoculated with 6µl of a 1011 virions ml-1 P. fluorescens bacteriophage SBW25Φ2 ancestral stock suspension (Transfer1). All cultures were incubated at 28 °C, 180 rpm and 1% of mixed culture transferred to a fresh 6 ml microcosm every 48h for 20 serial transfers (c. 130 bacterial generations). 
Population densities and bacterial morphology
At every 4th transfer, bacterial populations were plated for density and colony morphology determination, and Φ2 populations were filter-sterilised and spot-
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plated for titration. Aliquots of mixed culture were frozen with 20% glycerol at -80°C. In order to assess any morphological adaptation, plated colonies were visually assessed for morphology and scored as either wild-type (usual smooth colony morphology), mucoid (raised, viscous colonies), fuzzy (fuzzy spreaders) or wrinkly (wrinkly spreaders).
Plasmid prevalence
To confirm the presence of plasmid in plasmid-containing populations throughout the experiment, at every 4th transfer, 20 individual colonies of P. 
fluorescens from each evolving plasmid-containing population were PCR analysed for plasmid presence. Colonies were randomly selected from plated samples of each population and grown in 96-well plates for 48h at 28°C. These cultures were then screened for plasmid presence using primers targeting the mercury resistance operon merA (for: 5'-TGCAAGACACCCCCTATTGGAC-3' and rev: 5'-TTCGGCGACCAGCTTGATGAAC-3') and the putative origin of replication 
oriV (for: 5'-TGCCTAATCGTGTGTAATGTC-3' and rev: 5'ACTCTGGCCTGCAAGTTTC-3'). The full PCR protocol is outlined in appendix II.
Resistance assay
At every 4th transfer, 20 individual colonies of P. fluorescens were randomly selected from plated samples of each population and grown in 96-well plates for48h at 28°C. These cultures were then streak plated over lines of filter-sterilised Φ2, which had been allowed to dry on 1.2% KB agar. Colonies were streaked over lines of Φ2 from contemporary sympatric populations, 4 transfers in the 
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past from the same evolving lineage and 4 transfers in the future.  Plates were incubated inverted at 28°C. After overnight incubation, colonies were visually assessed for resistance to Φ2. Colonies were recorded as sensitive to Φ2 if their growth was markedly inhibited past the point at which they crossed the Φ2 line,and resistant if no inhibition was apparent.
Phage life history
Filter-sterilised samples of phage populations were taken at the end of the selection experiment (transfer 20), amplified and assayed for life history traits on ancestral plasmid-free hosts following the methods described in chapter 2.
Life history strategies
As life history strategies are made up of combinations of life history trait values rather than any individual trait in isolation, a principal components analysis wasconducted on lysis time, burst size and adsorption rate to assess covariance and look for groupings by strategy.
Sequence analysis
At the end of the experiment (Transfer 20), filter-sterilised Φ2 populations wereSanger sequenced (Applied Biosystems: ABI PRISM 3130xl Genetic Analyzer) for5 genes believed to be important in interactions with the host and a control (Table 2.1, chapter 2). The full sequencing protocol is outlined in appendix II. Genes were assembled and aligned using Geneious R7 (created by Biomatters. Available from http://www.geneious.com/). 
109
Euclidean distances were calculated in R statistical package (R Core Team 2013) based on binary data of base differences from the ancestor. At each position where a particular base mutation occurred in at least one population, all populations were given a score of 1 if they carried that particular base, 0 if they carried the ancestral base or 0.5 if there was a polymorphism of ancestral and mutant bases. Where two different base mutations occurred between populations at any particular position, that position was scored twice. A neighbour-joining tree of genetic distances between the populations was constructed and rooted by the ancestor.
In addition, a neighbour-joining tree of Euclidean distances was constructed which combined data from all evolved phage populations from all experiments in this thesis. The purpose of this combined tree was to investigate similarities and differences between populations from different experiments and seek evidence of different modes of evolution between treatments.
Statistical analysis
All statistical analyses were conducted in R statistical package (R Core Team 2013). Outliers were identified using the Grubbs test for outliers (Komsta 2011) and excluded from analyses. Plasmid prevalence was compared at the beginning and the end of the experiment using a Welch's two sample t-test. Bacterial resistance and morphology were analysed in linear mixed effects models with binomial errors, plasmid treatment as a fixed effect, time as a covariate and population as a random effect. Life history traits were analysed using standard 
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ANOVAs of trait by treatment, correlations between traits were analysed using Pearson's product moment correlations and variance in life history traits was analysed using the Bartlett test of homogeneity of variance between treatments. 
Results
Plasmid prevalence. 
Plasmid prevalence was assessed by PCR every fourth transfer in plasmid-containing populations to confirm plasmid presence. Plasmid prevalence was maintained at or near fixation in plasmid-containing populations throughout themajority of the experiment in all but one population (Fig. 5.1.). In population 2, prevalence declined to 20%, so this population could no longer be considered 
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Figure 5.1. The proportion of plasmid-carrying cells over time in six replicate populations from the plasmid containing treatment. The black line represents 4 replicate populations which maintained plasmids in 100% of bacterial colonies tested. Other colours represent individual replicate populations. Prevalence in population 2 (blue line) declined to 20%, so this population was excluded from the rest of the analysis. 
plasmid-containing and was removed from the rest of the analysis. The level of replication from this point was plasmid-free n=6, and plasmid-containing n=5.
Phage & bacterial densities
To observe host-parasite dynamics, filter-sterilised samples of each evolving population were spot-plated for phage titration at every fourth transfer. Unfiltered samples were also plated for bacterial density determination. In the absence of plasmid, bacterial density remained high throughout the experiment (Fig. 5.2.a), while phage density tended to peak at transfers 8-12 and then decline, final density varied between populations, and some populations neared extinction (Fig. 5.2.c). In the plasmid-containing populations however, bacterial density dropped to begin with, troughing between transfers 4-12, but recovered to high final density (Fig. 5.2.b). Bacterial end-point density (transfer 20) was lower in plasmid-carrying than in plasmid-free populations (Welch two sample t-test: t = 6.4192, d.f. = 5.2, p = 0.001), and more variable (Bartlett test of homogeneity of variances; K2 = 10.15, d.f. = 1, p = 0.001). Phage, however, were maintained at high density in plasmid-containing populations, with final densities similar but much less variable compared to plasmid-free populations (Fig. 5.2.d, Welch two sample t-test: t = -1.303, d.f. = 4, p = 0.262. Bartlett test of homogeneity of variances; K2 = 23.647, d.f. = 1, p < 0.001).
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Figure 5.2. Bacterial and phage density in 6 replicate populations of each treatment. Panels a and b show bacterial density in plasmid-free and plasmid-carrying treatments, respectively. Panels c and d show phage density in plasmid-free and plasmid-carrying treatments, respectively. Colours represent individual replicate populations. Bacterial end-point density (transfer 20) was lower in plasmid-carrying than in plasmid-free populations (Welch two sample t-test: t = 6.4192, d.f. = 5.2, p = 0.001). Phage final densities (transfer 20) were similar but much less variable in plasmid-containing than plasmid-free populations (Welch two sample t-test: t = -1.303, d.f. = 4, p = 0.262. Bartlett test of homogeneity of variances; K2 = 23.647, d.f. = 1, p < 0.001).
Bacterial resistance and morphology
Bacterial morphology was visually assessed at every fourth transfer from plated samples of evolving populations. Resistance to past, future and contemporary 
phage was assayed using streak-platings of bacteria over pre-dried phage lines. Bacterial morphology differed strikingly between the two treatments (Fig. 5.3). In plasmid-free populations, there were transient episodes of mucoidy and fuzzyspreaders, whereas in plasmid-containing populations, mucoidy evolved very rapidly (within the first 4 transfers) and was maintained at much higher frequency throughout (Fig. 5.4.b, z = 5.99, p < 0.0001). In plasmid-free populations, bacteria evolved significantly higher levels of phage resistance throughout the experiment compared to plasmid-containing populations (Fig. 5.4.a, z= -2.430, p=0.015).
Phage life history
Samples of filter-sterilised phage populations from the end of the selection experiment (transfer 20) were assayed for life history traits adsorption rate, lysis time and burst size. There was a non-significant trend towards slower adsorption in plasmid containing compared to plasmid-free populations (Fig. 5.5.a; ANOVA; F = 4.665, d.f. = 1,8, p = 0.063), and variance in adsorption rate was not significantly different between the two treatments (Bartlett test of homogeneity of variance; K2 = 0.41, d.f. = 1, p = 0.522).There was no significant effect of plasmid presence on lysis time (Fig. 5.5.b; ANOVA; F = 0.19, d.f. = 1,8, p = 0.675), and there was no significant difference in114
Figure 5.3. Bacterial colony morphologies which differ from the ancestral smooth colony type in 6 replicate populations of each treatment. Panels a, b and c show the proportion of all bacterial colonies that were mucoid colonies , fuzzy-spreader colonies and wrinkly-spreader colonies respectively in plasmid-free populations. Panels d, e and f show the proportions of these different phenotypes in plasmid-carrying treatments. Colours represent individual replicate populations. In plasmid-free populations, there were transient episodes of mucoidy and fuzzy spreaders. In plasmid-containing populations, mucoidy evolved rapidly and was maintained at much higher frequency throughout (z = 5.99, p < 0.0001).
 variance between the two treatments (Bartlett test of homogeneity of variance; K2 = 0.048, d.f. = 1, p = 0.826).There was no significant effect of plasmid presence on burst size (Fig. 5.5.c; ANOVA; F = 0.349, d.f. = 1,8, p = 0.57), and there was no significant difference in variance between the two treatments (Bartlett test of homogeneity of variance; K2 = 0.294, d.f. = 1, p = 0.588).Correlations between pairs of traits were sought in order to elucidate trade-offs, however none of the life history traits were correlated with any other trait across treatments nor within treatments (Pearson's product moment correlations, data not shown).In order to investigate holistic life history strategies among these key traits, covariance was analysed using principle components analysis. All of the
116
Figure 5.4. Proportion of a) phage resistant colonies and b) mucoid phenotype colonies through time for plasmid-free (black) and plasmid-containing (grey) populations. Error bars show 1 standard error for a mean of six independent populations. In plasmid-free populations, bacteria evolved significantly higher levels of phage resistance (z= -2.430, p=0.015) and maintained a much higher frequency of mucoidy (z = 5.99, p < 0.0001) throughout the experiment compared to plasmid-containing populations.
Figure 5.5. Life history box and whisker plots of evolved (transfer 20) phage populations from plasmid-free (n=6) and plasmid-containing (n=5) treatments, and the ancestor (n=1). Boxes display the median and interquartile range, and whiskers display the maximum and minimum values of the traits. Panel a displays adsorption rate, which shows a non-significant trend towards slower adsorption in plasmid containing compared to plasmid-free populations (ANOVA; F = 4.665, d.f. = 1,8, p = 0.063). Panel b shows lysis time, which was not affected by plasmid presence (ANOVA; F = 0.19, d.f. = 1,8, p = 0.675), and panel c shows burst size, which was also not affected by plasmid presence (Fig. 5.5.c; ANOVA; F = 0.349, d.f. = 1,8, p = 0.57).
 variance in the life history data was explained by PC1 (90%) and PC2 (10%). PC1 was strongly associated with burst size and with lysis, whilst PC2 was associated with adsorption rate and lysis (Fig. 5.6). There were no discernible groupings of the data according to PC1 and PC2, suggesting that there was large variance in phage life history strategy both with and without plasmids, and no divergence in strategy between the two treatments.
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Figure 5.6.  Principal components analysis. Panel a is the loadings biplot showing the principal component scores of the individual populations (lower x axis = PC1, left y axis = PC2), and the relative loadings of the life history variables (red arrows, upper x and right y axes). Numbers correspond to individual populations. Panel b is the traits biplot which shows the location of each population from the plasmid-free (n=5, blue circles) and plasmid-containing (n=5, red squares) treatments in trait space according to principal components scores on PC1 and PC2.
Phage evolution
Evolved phage populations were Sanger sequenced at the end of the selection experiment (transfer 20) in 5 genes believed to be important in controlling interactions with the host, and a control (see table 2.1). Analysis of sequenced populations revealed possible contamination in population 3 from the plasmid-containing treatment. Removal of this population from analyses did not qualitatively alter the outcomes of phenotypic analyses, but did affect the genetic analyses. For this reason, I assumed that the contamination occurred during preparation for sequencing only, and this population was excluded from genetic analyses. From this point forward, the level of replication is: plasmid-free n=6 and plasmid-containing n=4.
A number of mutations were identified in the genes studied, which are presented in table 5.1. The majority of mutational events were found in gene 
SBWP25_0036, which encodes for the tail fibre protein, followed by gene 
SBWP25_0032 which encodes for a tail tubular protein. Only a few mutations were found in genes SBWP25_0027, SBWP25_0034 and SBWP25_0035 which encode for a predicted virion structural protein, a predicted lysozyme and an internal virion structural protein, respectively, and no mutations were found in the control gene SBWP25_0040, which encodes for a predicted phage lysozyme. There were significantly fewer mutations across all sequenced genes in plasmid-containing (range= 5-7, mean= 5.75) compared to plasmid-free (range= 9-11, mean= 9.8) populations (Fig. 5.7. GLM with Poisson error distribution; z = 15.98,
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Table 5.1. The locations and identities of mutations on the genes sequenced from the end-point (transfer 20) populations . Positions (in base pairs from the start of each gene) are indicated at the top of the table, and the mutations found at that position (base differences from the ancestor) are identified at the bottom of the table. Rows correspond to individual populations. + indicates the presence of the identified mutation in the population, * indicates the presence of the alternative identified mutation and = indicates the presence of the identified polymorphism.
Gene SBWP25_0027 SBWP25_0032 SBWP25_0034 SBWP25_0035Position 331 476 820 857 895 1148 1807 250
Plasmid-free:1 + - - - - - - -2 + - - - - - - -3 + + - - - - - -4 + - - - - - - -5 + - - - - - - -6 + + - - + - + +
Plasmid-containing:1 + - + - - - - -4 - - - + - - - -5 - - - + - - - -6 - - - + - - - -Type (+) Ins AAG A-G A-G A-C A-G C-T T-C G-A
Gene SBWP25_0036Position 217 286 290 308 806 992 995 1204 1217 1258 1265 1271 1279 1285 1286 1287 1291 1297 1298 1562 1659 1675 1678 1679
Plasmid-free:1 - - - + - + - + - + - - - + - - + * + + - - - -2 + - + - - - - + - - - - - - + + - + - - + + - -3 - - - + - - - + - - - - - - - - - - - - - - + -4 - - - + - - - + + - + + - - + + - + - - - - + -5 - - - + + - - + - - - - + - + * - + - - + - - -6 - - - + - - - + - - - - - - + + - + - + - - - -
Plasmid-containing:1 - - - - - - + + - - - - - - - - - - - - - - + +4 - + = - - - + + - - - - - - - - - - - - - - + -5 - + - - - - + + - - - - - - - - - - - - - - + -6 - + - - - - + + - - - - - - - - - - - - - - + -Type (+) G-A C-T A-G A-G T-C C-A T-A G-A G-C A-G T-C C-T T-A A-T A-G C-G G-A A-G C-A C-A Ins GTT A-C A-G A-CType (*) C-A A-CPoly(=) R
Table 5.1 (continued). The locations and identities of mutations on the genes sequenced from the end-point (transfer 20) populations. Positions (in base pairs from the start of each gene) are indicated at the top of the table, and the mutations found at that position (base differences from the ancestor) are identified at the bottom of the table. Rows correspond to individual populations. + indicates the presence of the identified mutation in the population, * indicates the presence of the alternative identified mutation and = indicates the presence of the identified polymorphism.
d.f. = 7, p = << 0.0001). The variance in the number of mutation events was not significantly different between treatments (Levene's test for homogeneity of variance: F = 0.18, d.f. =1, 7, p = 0.685).
Figure 5.8 shows the frequencies of each identified mutational event in each gene within each treatment. In most genes, any one mutation was found in only one or two populations in any one treatment and there were several unique mutations which only occurred in one population in one treatment. In gene 
SBWP25_0036, however, there were several mutations which occurred in the majority of populations within a treatment.
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Figure 5.7. The number of mutation events across all genes sequenced in plasmid-free (n=6) and plasmid-containing (n=4) treatments. Boxes display the median and interquartile range, and whiskers display the maximum and minimum values. There were significantly fewer mutations across all sequenced genes in plasmid-containing compared to plasmid-free populations (GLM with Poisson error distribution; z = 15.98, d.f. = 7, p = << 0.0001).
Euclidean genetic distances of each population from the ancestor were generallyhigher in plasmid-free treatments than plasmid-containing treatments (Fig. 5.9).A neighbour-joining tree of Euclidean distances is displayed in figure 5.10. Plasmid-free and plasmid-containing populations form two distinct groups, and branch lengths are shorter in plasmid-containing than plasmid-free populations.
The combined neighbour-joining tree of all evolved populations from all experiments is displayed in figure 5.11. In general, populations that evolved without co-evolution with the host (UV populations from the evolved treatmentswith high or no UV from chapter 3, and all populations from the spatial structure123
Figure 5.8. Frequency of each identified mutation in each gene in end-point (transfer 20) populations from plasmid-free (n=6, blue circles) and plasmid-containing (n=6, red squares) treatments. The x axis shows the bp position of mutations on the gene. a) gene SBWP25_0027, b) gene SBWP25_0032, c) gene 
SBWP25_0034, d) gene SBWP25_0035, e) gene SBWP25_0036, f) gene 
SBWP25_0040.  
experiment from chapter 2) have the shortest branch lengths and group together separately from the populations that were co-evolved with the host (UVpopulations from the co-evolution treatments with high or no UV from chapter 3, and both plasmid-containing and plasmid-free populations from this chapter).Amongst the populations not co-evolved with the host, populations from the UV experiment (chapter 3) grouped separately from the spatial structure experiment (chapter 2). Amongst populations that were co-evolved with the host, plasmid-free populations from this chapter grouped with UV populations 
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Figure 5.9. Pairwise euclidean distance from the ancestor in each gene in populations from plasmid-free (n=6, blue circles) and plasmid-containing (n=6, red squares) treatments. The x axis denotes the gene (SBWP25_0027 = 27, etc). 
(chapter 3), but plasmid-containing populations grouped separately from everything else within the co-evolution group.
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Figure 5.10. Neighbour-joining tree of pairwise Euclidean distances between 10 end-point (transfer 20) populations and the ancestor in all genes in table 2.1 (Chapter 2). Based on binary data of base substitutions from the ancestor, rooted by the ancestor (black diamond). Plasmid-free populations are labelled No plas. (blue circles). Plasmid-containing populations are labelled Plasmid (pink squares). 
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Figure 5.11. Combined neighbour-joining tree of pairwise Euclidean distances between 40 end-point (transfer 18 or 20) populations  from chapters 2, 3 and 5, and the ancestor in all genes in table 2.1 (Chapter 2). Based on binary data of base substitutions from the ancestor, rooted by the ancestor (black diamond). 0% Pluronic populations from chapter 2 are labelled No struc, light blue circles. 16% Pluronic populations from chapter 2 are labelled High struc, dark blue squares. 0% mortality populations from chapter 3 are labelled No UV E (evolved, light orange circles) and No UV C (co-evolved, light red circles). 90% mortality populations from chapter 3 are labelled High UV E (evolved, dark orange squares) and High UV C (co-evolved, dark red squares). Plasmid-free populations from chapter 5 are labelled No plas. (light green circles). Plasmid-containing populations from chapter 5 are labelled Plasmid (dark green squares).
Discussion
Plasmid carriage in host populations under phage predation in this system produced a reduction in host resistance to phage as predicted due to the physiological costs associated with plasmid carriage. An interesting finding which was not predicted is the promotion of mucoid conversion in plasmid carriers. Mucoidy in Pseudomonads is believed to be a general response to various stressors, and is known to afford some resistance to phage, as it produces a protective capsule around the cell which is believed to make adsorption more difficult (Fischer et al. 2004; Scanlan & Buckling 2012). Mucoidconversion is caused by the overproduction of alginate, which results in a viscous, opaque culture and raised, viscous colonies. The initial drop in bacterialdensity under the dual burden of plasmid carriage and phage predation indicates an additive fitness cost, more than that experienced with either parasite alone.  The high levels of mucoid conversion observed in plasmid-carrying populations in this experiment may therefore represent a faster and less costly defence against phage predation than resistance mutation in bacteria already burdened with the biosynthetic costs of plasmid carriage.  Resistance mutations to phage are known to frequently cause antagonistic pleiotropic effects which negatively affect bacterial fitness in phage-free environments (Lenski 1988). Although the mucoid phenotype is also costly to bacteria in the absence of phage (Scanlan & Buckling 2012), it is likely that mucoidy incurred lower fitness costs than antagonistic pleiotropic mutations. 
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Mucoidy offers only partial resistance to an evolving phage enemy, so overall resistance to phage was reduced in plasmid-carrying populations, whilst in plasmid-free populations the usual antagonistic co-evolution observed in this system kept resistance high. Towards the end of the experiment in plasmid-carrying populations we saw a recovery of both resistance and bacterial densities, although neither reached the levels seen in plasmid-free populations. This suggests that either resistance mutations may begin to arise later in plasmid-carrying populations at low frequencies, allowing recovery of the population, or that there is an amelioration of the costs of either plasmid carriage or mucoidy. Further work is needed to distinguish between these possible effects. Mucoidy in Pseudomonads is best studied in Pseudomonas 
aeruginosa, where it is a common feature of clinical isolates from cystic fibrosis patients (Deretic & Schurr 1994). In cystic fibrosis, mucoid conversion is a key virulence factor and is associated with acute symptoms and a poor prognosis forpatients (Li et al. 2005; Henry et al. 1992). Plasmids encoding for antibiotic resistance are known to occur in P. aeruginosa in cystic fibrosis patients (Livermore 2002), and a number of phage and prophage have been successfully isolated from the lungs and sputum of cystic fibrosis patients (Tejedor et al. 1982), suggesting that plasmid-phage co-infection may be common in this system. If mucoidy in cystic fibrosis infections is caused by interactions betweenplasmids and phage, it raises serious concerns for the use of phage therapy to treat these and other bacterial infections where mucoidy is associated with disease severity.
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Phage life history remained similar between the two plasmid treatments, except a non-significant trend towards slower adsorption in plasmid-containing populations. This is consistent with the evolution of a more prudent life history strategy in the plasmid-containing treatment. Life history theory predicts that instructured environments such as in our mucoid populations, phage will evolve slower adsorption rates in order to allow virions to diffuse further before attachment, thereby avoiding “kin shading” competition with identical genotypes (Abedon & Culler 2007a; Wild et al. 2009; Boots & Sasaki 1999). Mucoidy in the plasmid-carrying populations may therefore have driven the evolution of a slower adsorption rate. This is consistent with the fact that although plasmid-carrying populations had fewer mutations overall, most of the mutations were found on gene SBWP25_0036, which encodes the tail fibre protein. The tail fibre protein is known to be an important determinant of specificity of binding in Φ2  (Paterson et al. 2010), so is likely to be the main source of variation in adsorption rate. Alternatively, reduced adsorption rate could be a result of increased specialisation to non-ancestral host genotypes reducing the ability of co-evolved phage to infect the ancestral host (Poullain et al. 2008). Phage density was maintained at high levels throughout the experiment in plasmid-containing populations, despite the lack of mutation indicating a reduced rate of infectivity evolution. This is consistent with the notion that the host is evolving mucoidy in place of resistance mutations, freeing phage from antagonistic co-evolution. An alternative explanation for this effect is that spatial
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structure provided by mucoidy may have promoted a more stable co-existence of phage and the host by providing temporary refugia from phage attack. In the related species Pseudomonas aeruginosa and its phage PP7, spatial heterogeneity constrained phage evolution by providing ephemeral refugia for susceptible bacteria that served to replenish sensitive hosts at each transfer (Brockhurst et al. 2006). It is beyond the scope of this work to determine between these possible effects. Regardless of the mechanism, the lack of antagonistic co-evolution observed in this experiment has resulted in a reduced evolutionary rate in phage from plasmid-containing populations, as evidenced by the shorter genetic distance from the ancestor in phage from plasmid-carrying populations. When combined with all other co-evolving populations in this thesis, plasmid-containing populations group together on a separate node in the neighbour-joining tree. This lends further support to the idea of a lack of antagonistic co-evolution in this treatment and an alternative trajectory of evolution. Phage released from an antagonistic arms race, but faced with mucoid host cells may instead be evolving specialisation to mucoidy, which would allow them to maintain the high densities observed in this experiment. Alternatively, direct or indirect interactions with plasmids may be driving a novel evolutionary trajectory such as increased efficiency of resource use. Further investigation intothe function of these different evolutionary trajectories is necessary to elucidate the drivers and consequences of this alternative route.
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Conclusions
Plasmid carriage impedes the evolution of phage resistance mutations in 
Pseudomonas fluorescens, but promotes mucoid conversion. Mucoid conversion selects for phage with reduced adsorption rates, but there is no overall shift in life history strategy. The restriction of host resistance to phage frees phage from antagonistic co-evolution, reducing the evolutionary rate and allowing them to evolve specialism to persist at higher frequency in the host population. These findings raise concerns for the use of phage therapy in systems where antibiotic resistance is carried on plasmids and mucoidy is associated with disease severity, such as in cystic fibrosis.
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6. General Discussion
Parasite life history theory predicts that lifetime reproductive success evolves through differential allocation to life history traits constrained by trade-offs (Stearns 1992; Stearns 1989). These life history traits govern the characteristics of parasites such as their virulence, transmission and infection phenotypes, so understanding their evolution is important for infectious disease prediction and management (Poulin 1996). Evolution in trade-offs is driven by abiotic and biotic factors in the environment, with different environments selecting for different optimal life history values (Poulin 1996; Combes 2001; Goldhill & Turner 2014). Whether or not parasites are able to reach their optima may be constrained by phylogeny, physiology and/or ecology, so optimality models may not provide the whole picture (Bull & Wang 2010; Heineman & Bull 2007). The increasingly popular field of experimental evolution is a powerful tool allowing researchers to gain a fuller understanding of the factors and constraints involved in parasite life history evolution (Brockhurst & Koskella 2013; Ebert 1998). In a series of evolution experiments, I explored the effects of common environmental factors on the life history evolution of bacteriophage Φ2, and the effects of co-occurence of phage and plasmid on each other and the host. I discovered that the evolution of life history in this phage is sensitive to spatial structure, UV-C exposure and co-parasitism with plasmids, and that this evolution can be mediated by co-evolution with the host. I found no direct evidence of trade-offs between the key life history traits – in each experiment, 132
significant directional change due to treatment was observed in only one of the traits. However, evolved populations showed high variance in life history traits, which may have obscured evidence for trade-offs. There was some limited evidence for evolution of multiple life history strategies, but it is not clear whether these are adaptive strategies or simply an artefact of increased variance.
Most of the genetic mutation was found on gene SBWP25_0036 encoding for tail fibres, with some mutation on the other genes investigated under co-evolved treatments only. No direct link between mutation and phenotype could be elucidated, suggesting that evolution in life history is either governed by genes not examined in this thesis, or involves epistasis and pleiotropy with genes elsewhere on the genome (Scanlan et al. 2011).
In Chapter 2 I explored the effects of spatial structure on phage evolving againsta static ancestral host, and found that increased structure selects for later lysis, as predicted by models. However, the associated increase in burst size as predicted by theory was not observed. This suggests that the relationship between lysis time and burst size is not strictly linear as usually presumed (Abedon & Yin 2009; Goldhill & Turner 2014). Spatial structure was also found to break down the correlation between adsorption rate and lysis time, which suggests that lysis time can evolve independently of adsorption rate and burst size to some degree. There was some limited evidence of multiple life history strategies emerging in structured populations, suggesting that the evolution of life history is not always parallel, even between initially isogenic replicate 133
populations. I found similar variation in life history strategy in Chapter 3 in UV-C irradiated populations, but it is not clear whether these were adaptive shifts towards multiple life history strategies or a consequence of non-targeted random mutagenesis. In Chapter 3 I found no directional evolution of life history traits due to UV treatment in evolved populations, although this may be due to the absence of opportunity for photoreactivation. In co-evolved populations, UV irradiated populations evolved a larger burst size, and greater variance in both burst size and lysis time. A larger burst size may be an adaptation to increased extracellular mortality, the larger number of progeny increasing the chances of a fraction surviving. The number of mutations in co-evolved populations were more variable in those evolved to UV-irradiation but not higher on average, and the identities of the mutations were different between UV-irradiated and not irradiated populations. 
Chapters 4 and 5 investigated the effects of co-occurence of the common symbionts Φ2 and plasmid pQBR103, which confers mercury resistance on the host. We found striking ecological effects of each symbiont on each other and on the host. In chapter 4, plasmid prevalence in the absence of mercury was stably intermediate in the absence of phage, but showed transient bistability followed by rapid extinction in populations under phage predation. This demonstrated that in this system, phage limit the existence conditions for plasmids. Plasmids are able to persist for short periods by hitch-hiking on phage resistance mutations, but eventually the dual costs of phage and plasmids on the host driveplasmids to extinction. Chapter 5 assessed the impact of plasmids on phage life 
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history and phage-host dynamics when plasmids were positively selected. The presence of plasmids impeded the evolution of host resistance to phage, releasing phage from Red Queen dynamics. This resulted in a reduced rate of mutation in phage in plasmid-containing populations, as evidenced by shorter Euclidean distance from the ancestor. Interestingly, hosts developed a high prevalence of mucoidy in response to the dual burden of plasmids and phage, which we interpret to represent a less costly quantitative resistance mechanism than qualitative resistance mutations. It is unclear whether the reduced adsorption rate evolved in phage populations co-existing with plasmids represents an adaptation to the structured environment of a mucoid host, or to the reduced host density caused by the dual costs of hosting both parasites.
Implications
The current work highlights the complex nature of life history evolution in parasites, even in relatively simple microorganisms such as phage. Although some general predictions, for example that spatial structure should select for prudence (Boots & Mealor 2007) may hold (chapter 2), the specific mutational and phenotypic trajectory towards prudence may vary between species (Gallet, Tully, et al. 2009; Dennehy 2009) and even between populations. In Φ2, prudence in structured environments was achieved by the evolution of later lysis, but the expected correlations of lysis time with adsorption rate and burst size were not found, and lysis time was highly variable between populations. The failure of burst size in particular to covary with lysis time suggests that 
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trade-offs may not constrain the evolution of these traits as tightly as believed, and that multiple strategies may be in operation simultaneously. Therefore, general predictions of parasite life history evolution may be misleading, which raises questions about the suitability of predictive models in emerging disease prediction and management.
This thesis also emphasises the importance of considering the host's parasite community when predicting the behaviour of infections and the impact of medical intervention. The ever-increasing problem of antibiotic resistance, which is often plasmid-encoded (Livermore 2002), has prompted a recent revival of the study of phage as anti-bacterial agents. The data presented here offer both an encouragement and a caution to the field of phage therapy – whilstphage may accelerate the loss of antibiotic resistance carrying plasmids in the absence of positive selection for plasmid-encoded traits, the associated mucoid conversion could be a major issue when mucoidy affects the severity of symptoms and patient prognosis (Li et al. 2005; Henry et al. 1992). Additionally, phage therapy used simultaneously with antibiotics may not be effective at removing antibiotic resistant infections, as strong selection for plasmid encoded traits provided by antibiotic use may maintain plasmid prevalence regardless of phage presence. If phage therapy is to be successful, a carefully planned schedule of antibiotic and phage usage may be the best approach. As such, phagetherapy may be best employed as an alternative to antibiotics, and only when mucoidy is not a major virulence factor.
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Further studies would benefit from whole genome sequencing to identify potential adaptive mutations elsewhere on the genome and elucidate any epistatic or pleiotropic effects. Larger numbers of replicate populations and longer-term studies would help to determine whether the increased variation seen in the evolved populations does reflect the evolution of multiple adaptive strategies or simply an artefact of increased mutation rate. Competitive fitness assays between evolved populations would also contribute to our understandingof the fitness effects of the phenotypic and genetic evolution observed here.
Conclusions
Experimental evolution with a host-parasite system reveals that the evolution ofparasite life history is more complex than a single trajectory towards a predictedoptimum, and constraints between life-history traits do not prevent some degree of independent evolution of individual life-history traits. Co-evolution with the host provides additional mutational input, resulting in a greater degree of evolution in co-evolved populations. It is important to consider the specific ecology of the focal parasite, its host and any co-occuring symbionts in order to make informed predictions of life history evolution, and general predictions maynot be achievable. Co-parasitism with phage and plasmid may provide the necessary conditions for plasmid persistence under fluctuating selection for plasmid-encoded traits. The efficacy and suitability of phage as therapeutic agents against plasmid-encoded antibiotic resistance is complicated, and caution should be used to prevent potential exacerbation of disease symptoms.
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Appendix I – Ancestral phage life history 
characterization
Introduction
To standardise the genetic background of evolving populations, an isogenic high-titre ancestral stock is necessary. Here is described the method of obtaining the ancestral stock, and the development of methods for calculating the life history of populations. The life history trait values are calculated and presented here, for comparison to evolved populations.
Methods
Host growth curve
6 replicate microcosms were initiated consisting of 6 ml KB media in a sterile 30ml glass universal. Each of these were inoculated with 6 µl saturated P. 
fluorescens SBW25 culture and incubated at 28°C, shaken at 180 revolutions per minute (rpm). Immediately following inoculation and every hour for 12 hours, each replicate population was sampled (200 µl) and the optical density (OD) measured at 630 nm using a Tecan SunriseTM microplate reader. A further sample was taken at 24 hours. At 0, 4, 8, 12 and 24 hours, a 50 µl sample of each replicate was taken, serially diluted and plated on KB agar for colony forming unit (cfu) enumeration. 149
Growth rate was measured as log(N8)−log(N 4) /t 8−t 4
60
where t 8 and t 4
are hours 8 and 4 respectively and N 8 and N 4 are the number of colony forming units (CFU) at hours 8 and 4 respectively.
Preparation of high-titre ancestral Φ2 stock
Standard plaque assayA ɸ2 suspension was serially diluted, and 100 µl of each dilution mixed with 100 µl saturated P. fluorescens culture and 6 ml semi-soft KB agar in a sterile bijou bottle by gentle inversion three times. Each of these mixtures were pouredonto a standard KB agar plate and allowed to dry before inversion and incubation at 28°C overnight. 
PurificationFollowing the standard plaque assay described above, one well-separated plaque was selected, excised from the plate and suspended in 1 ml KB media. This suspension was vortexed at high speed for 30 seconds, and filter sterilised using a 0.22 µm Millipore syringe filter. The filtrate was plated in a standard plaque assay as described above, but with 10 replicate plates per dilution.
AmplificationFollowing the purification step, the plates exhibiting semi-confluent lysis were selected, flooded with 6 ml KB media and incubated at room temperature for 1 hour to allow phage to desorb into the media. After incubation, the media was 
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removed and placed into a sterile 250 ml sterile duran bottle. Using a sterile glass spreader, the semi-solid agar layer of each plate was scraped into the duran. 100 µl of Chloroform was added and the bottle inverted 3 times, before incubation at 4°C overnight. The contents of the bottle were then filter-sterilisedusing a Steritop (Millipore) 250 ml filter cup attached to a vacuum pump. 1 ml aliquots of the final filtrate were stored frozen at -80°C in 1.2 ml cryovials with 20% glycerol. A standard plaque assay was performed to enumerate PFUs.  
Determination of optimal MOI
Phage grow optimally when inoculated at an MOI that is sufficiently large that invasion of the host population is successful and sufficiently small that susceptible host cells are not quickly depleted.
MethodAdapted from Lu et al. (2003). 12 replicate microcosms were initiated with a single fresh colony of P. fluorescens in 6 ml KB in 30 ml disposable glass universal tubes. These populations were incubated at a constant temperature of 28°C, at 180 rpm. After 48 h growth (~107 cells ml-1), 60 µl from each populationwere transferred to fresh microcosms. At mid-log growth, these microcosms were inoculated with ɸ2 at an MOI of 10, 1, 0.1, 0.01, 0.001 or 0.0001 (in duplicate). A cell-free control microcosm was also inoculated with the density that would be an MOI of 1. These cultures were incubated for 3.5 hours at 28°C, shaken at 180 rpm. After incubation, cultures were centrifuged at 8000g for 5 minutes, the supernatant was filtered and plated for phage titration. 
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Growth curve
Modified from the one-step growth curve method described by Pajunen, Kiljunen, & Skurnik (2000). 33 replicate microcosms were initiated with 100 µl saturated P. fluorescens culture in 6 ml King's B (KB) liquid media in sterile 30 ml glass universals and incubated shaken at 180 rpm at 28°C. At mid-log host growth, microcosms were inoculated with phage suspension at an MOI of 0.001. Immediately after inoculation and every 8 minutes for 80 minutes, 3 replicate microcosms were selected at random, sampled and removed. A 1 ml sample was taken and immediately filter sterilised to prevent further growth. At the end of the assay, all samples were spot-plated for titration. 
A generalised additive model (GAM) was fitted to log10 PFU ml-1 against smoothed time and used to predict values to fit a smoothed curve to the data. 
Lysis time
Lysis time was calculated as the point of inflection during the exponential rise period. 
Burst size
Burst size was calculated as (from Dennehy et al. 2007, modified to take account
of adsorption): Pmax
Pads
where Pmax is the maximum free phage following 
burst, and Pads is the number of adsorbed phage, obtained by calculating
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P0−Pmin where P0 is free phage at time 0, and Pmin is free phage following adsorption, immediately before the rise period. 
Adsorption rate
24 replicate microcosms were initiated with 100 µl saturated P. fluorescens culture in 6 ml KB liquid media in sterile 30 ml glass universals and incubated shaken at 180 rpm at 28°C. At mid-log host growth, microcosms were inoculatedwith phage suspension at an MOI of 0.001. Immediately after inoculation and at 3, 6, 10, 15, 20, 25 and 30 minutes, 3 replicate microcosms were selected at random, sampled and removed. A 1 ml sample was taken and immediately filter sterilised. At the end of the assay, all samples were spot-plated for titration. Adsorption rate is calculated as (adapted from Shao & Wang 2008):
r=
μ ln(P t /P0)
−(eμ t−1)N 0
 where Pt is free phage density at 30 minutes, P0 and
N0 are phage and bacterial density at time 0 respectively, μ is bacterial growth rate and r is the rate to be measured.
Results
Host growth curve
P. fluorescens cultures reached mid-log density at 6 hours post-inoculation, with an OD630 nm of 0.63 (Fig. A1.1), which equates to approximately 8x108 cells ml-1. The population growth rate was 0.01 cells min-1.
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High-titre ancestral Φ2 stock
A high-titre ancestral Φ2 stock was obtained with 1.2 x 1011 PFU ml-1 density.
Optimal MOI
An MOI of 0.1 yields the highest phage density relative to inoculum density after 3.5 hours (Fig. A1.2), so is the optimal MOI for phage growth. A range of MOIs from 0.001-1 are also acceptable. In selection experiments, evolved phage 
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Figure A1.1. P. fluorescens growth curve. Error bars represent 1 standard error for 
a mean of 3 replicate populations. Dashed line shows mid-log density at OD 630 0.63
population densities were very low, so an optimal MOI was not achievable. MOI was standardised at 0.001 for all assays.
Ancestral life history
The ancestral phage stock growth curve can be seen in figure A1.3. This isogenic stock has a lysis time of 40.8 minutes, a burst size of 7.8, a rise period slope of 13, and an adsorption rate of 1.06 x 10-8 virions cell-1 ml-1 min-1.
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Figure A1.2. Relative phage density at 3.5 hours after inoculation at 6 different MOIs 
and a cell-free control (CF). Error bars represent 1 standard error for a mean of 2 
replicate cultures
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Figure A1.3. Ancestral stock growth curve with fitted GAM model (blue dashed 
line). Lysis time is indicated by the vertical red dashed line.
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Appendix II – Sequencing methods
PCR
Target genes were amplified from each evolved population and the ancestor using 25 µl PCRs in a 96-well thermal cycling machine (Applied Biosystems VeritiTM 96-well Thermal Cycler). Each reaction consisted of 12.5 µl GoTaq® Green Master Mix (Promega), 1 µl each of 10 pmol forward and reverse primers (see Table A2.1 for primer sequences), 9.5 µl dd H2O and 1 µl phage population suspension (untreated). Thermal cycling conditions were: Heated lid at 100oC, initial denaturation at 95oC for 5 minutes, 35 cycles of 30 seconds at 95oC, 1 minute at 56oC and 1 minute at 72oC, with a final extension of 5 minutes at 72oC. Products were checked for size and presence by 1.4% agarose gel electrophoresis at 80 volts for 40 minutes.
ExoSAP digest
PCR products were cleaned in 7 µl reactions containing 5 µl PCR product, 0.05 µlExonuclease 1, 0.2 µl shrimp alkaline phosphotase (SAP), 0.7 µl 10x RX buffer and 1.05 µl dd H2O. Reactions were incubated for 45 minutes at 37oC and 15 minutes at 80oC, with a heated lid at 105oC in the 96-well thermal cycler.
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Cycle sequencing reaction
ExoSAP products were further amplified in preparation for sequencing in 10 µl reactions containing 1 µl ExoSAP product, 1 µl 5x buffer, 5.5 µl dd H2O, 0.5 µl Bigdye 3.1 and 2 µl 1.6 pmol forward or reverse primer. Reciprocal forward and reverse reactions were conducted for each primer set. Reactions were incubatedfor 25 cycles of: 10 seconds ramped to 96oC at 1oC sec-1, 5 seconds ramped to 50oC at 1oC sec-1 and 4 minutes ramped to 60oC at 1oC sec-1, with a heated lid at 100oC in the 96-well thermal cycler.
Precipitation and sequencing
In a skirted 96-well plate, 1.5 µl 3M C2H3NaO2, 31.25 µl 100% molecular grade ethanol and 7.25 µl dd H2O were combined with 10 µl cycle sequencing reaction product and incubated at room temperature for 15 minutes. These were then centrifuged at 3100 rpm for 45 minutes, and the supernatant discarded by centrifugation inverted at 600 rpm for 1 minute. DNA was washed by addition of150 µl 70% molecular grade ethanol, centrifugation at 3100 rpm and discard of the supernatant as above. DNA was then resuspended in 10 µl Hi-Di formamide, and Sanger sequenced using 16-capillary electrophoresis on the ABI Prism 3130xl Genetic Analyser (Applied Biosytems).
Analysis
Genes were assembled, aligned and analysed for mutations using Geneious R7 (created by Biomatters. Available from http://www.geneious.com/). 159
Fixed mutations were identified as single clear peaks that differed from the reference genome in both the forward and reverse sequences (NCBI accession number NC_012660). Polymorphisms were identified as overlapping double high peaks that occurred in both the forward and reverse sequences.
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Gene Part Forward primer 5'-3' Reverse primer 3'-5'
SBWP25_0027 1 of 1 GGACACCATGCGGCTAACAT CCTCATCCCGATACTGCTGC
SBWP25_0032 1 of 4 TCAAGAAAGCTCGTACAAGAAC TCCAACGCTTCTCAGCATC
SBWP25_0032 2 of 4 AAGGCACCTTCGCTTCCATC CGTCATCTCATGCACACCAAC
SBWP25_0032 3 of 4 AATGGCAGCCTTCCAAGGAC GCCACGGACATTGCTGAATAC
SBWP25_0032 4 of 4 TGGTCATTCACGAGTACCTG CCTGAACTGCTGATGGAAC
SBWP25_0034 1 of 4 ACCAGCGAGCAGTTCAATC TGCCCTCAAACTCACCATCC
SBWP25_0034 2 of 4 TCTTCCAAGACGTGCTGACC AGACATACGCCATCTGTGCC
SBWP25_0034 3 of 4 TCGGCGTACTCCCAAAATC ACTGGAACGACGACTCATAG
SBWP25_0034 4 of 4 TGTCTCCAACGTACAGTCC TGCCATGTTCTTGATGAACC
SBWP25_0035 1 of 5 AACAGCATTGAACCCTGCC AGTACATCCGTTGGAACGAG
SBWP25_0035 2 of 5 GTATCTGCTCAATGCCAGTC CTTGTCCACACCCTTAATACC
SBWP25_0035 3 of 5 ACGTCATGCCTGATCCGAAC CATCAGCAACGCTCTTGACC
SBWP25_0035 4 of 5 TCATGGAGAACTACGGCAC GCATTCATAACGCCATCGAC
SBWP25_0035 5 of 5 AAGTTCATCCACTCCCACC TTGCCAATATCTGCTGCAC
SBWP25_0036 1 of 3 TCCCGTACCAGAAGCAATCC AGCGTACCTACAGCATCACC
SBWP25_0036 2 of 3 GCCGCACAGATCACTTATG TGCAACAGTACACCAGATAAC
SBWP25_0036 3 of 3 GTATGTTCTCCAGCGGCAAC TGCCAAACCGAACCGTTACC
SBWP25_0040 1 of 1 TTCGCCCAGTTGGTAAAGGT AGGGCTAGGGCCACGATAAG
Table A2.1. Primers used for phage gene sequencing
